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ABSTRACT 
 
 Micro- and nanostructured materials are a very important part of today’s 
technology due to their unique physical, optical, magnetic, and electrical properties.  
Many methods of producing these materials, however, require expensive precursors or 
templates and complicated, multi-step procedures.  Ultrasonic spray pyrolysis (USP) is an 
industrially-scalable technique that has been shown to yield relatively monodisperse sub-
micron particles in a continuous process using inexpensive and, often, environmentally-
friendly precursors.  The incorporation of an inert or reactive salt into the precursor 
solution allows for structural modification of the final product.  Inert salts can phase 
separate as either liquids or solids (depending on the furnace temperature and the melting 
point of the salt or salt mixture) to provide an in situ template for formation of the 
product.  The salt can then be easily removed from the product by washing and 
potentially reused.  Reactive salts will decompose in the furnace creating gases which can 
increase the microporosity of products in USP.  The work described in this dissertation 
shows the versatility of salt-assisted USP for making a wide variety of microstructured 
materials and highlights a few applications of the materials formed, including 
superhydrophobic surfaces, energy storage, and controlled drug release and hyperthermia. 
 First, salt-assisted USP is used to make roughened ZnO microspheres.  By 
controlling the amount of NaCl in the precursor solution, the agglomerated ZnO 
nanoparticles will form microspheres with varying degrees of roughness.  The size of the 
particles formed is also easily controlled by adjusting the concentration of the precursors 
in the precursor solution.  By controlling both the size and the roughness of the ZnO 
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particles formed, the hierarchical structure of a film of these particles can be controlled.  
This has consequences for the wetting properties of the film.  Specifically, hierarchically 
structured films are known to stabilize the Cassie-Baxter state and encourage 
superhydrophobic (or superhygrophobic) behavior. 
 Very high surface area iron oxide microspheres can also easily be produced from 
USP.  The crystallinity of the final product can be controlled by adjusting the precursor 
solution.  When aqueous Fe3+ salts react with a weak base (e.g., Na2CO3), they can form 
high molecular weight iron polymer which is stable in solution (so-called Spiro-Saltman 
balls).  Using the Spiro-Saltman precursor, USP yields high surface area (~300 m2/g) 
crystalline microspheres.  If iron chloride is used in the place of iron nitrate, hollow 
spheres are obtained which have a lower surface area (~100 m2/g).  Mixing different 
ratios of iron nitrate and iron chloride gives products with intermediate morphologies and 
surface areas.  These iron oxide microspheres were tested as lithium-ion battery anodes. 
Salt-assisted USP has previously been used to make carbon spheres with a wide 
variety of morphologies.  There is no predictive understanding, however, of why one 
morphology is formed over another.  This is especially true when dealing with salt 
mixtures.  As a simple system, sucrose was pyrolyzed with different ratios of sodium 
nitrate and sodium chloride.  It was shown that the salt ratio dictates the morphology of 
the product whereas the furnace temperature (i.e., the phase of the salt solution) has little 
to no effect.  With the addition of iron/nitrogen precursors, porous Fe/N/C microspheres 
were made and tested as oxygen reduction catalysts in fuel cells. 
Finally, microspheres containing superparamagnetic iron oxide nanoparticles are 
synthesized using USP.  Magnetic silica microspheres were previously made using iron 
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precursors.  By introducing, cobalt, manganese, and copper precursors into the system, 
ferrite nanoparticles are formed within the silica microspheres.  These nanoparticles are 
more stable at higher temperatures than the iron oxide nanoparticles.  The silica 
microspheres, however, are not porous.  Porous carbon microspheres with iron oxide 
nanoparticles can be made using USP.  Unlike the silica microspheres, the carbon-based 
microspheres do not require annealing after production.  The carbon microspheres have 
been shown to undergo magnetic heating and have shown slow drug release after loading 
with ibuprofen, making these spheres a promising candidate for a multifunctional 
biomedical device that incorporates hyperthermia, controlled drug release, and imaging 
contrast. 
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CHAPTER 1 
SPRAY PYROLYSIS FOR MATERIALS SYNTHESIS 
 
1.1  Introduction 
Spray pyrolysis is an aerosol processing method that can be used to produce a 
wide variety of powders.1-3  Like other aerosol spray techniques, a liquid precursor (a 
solution, dispersion, or pure compound) is nebulized into droplets where each droplet in 
the aerosol acts as a microreactor.  In spray pyrolysis, the aerosol is then sent through a 
heated furnace using an inert or reactive carrier gas where physical and chemical 
reactions occur to produce a powdered product. 
Other common aerosol processing techniques include spray drying, flame 
pyrolysis, and melt atomization.  Spray drying is similar to spray pyrolysis except during 
spray drying, only physical reactions occur (i.e., the precipitation of a solid upon 
evaporation of the solvent).2,4,5  Flame pyrolysis is similar to spray pyrolysis in that it 
involves both chemical and physical reactions; however, it uses a flame as the heat source 
instead of a furnace.2,6,7  This gives a sharper heat gradient and a shorter residence time in 
the heated region compared to spray pyrolysis or spray drying.   Melt atomization is 
another purely physical process where a liquid metal is aerosolized into droplets that are 
rapidly cooled to yield metal powders.2  This process is similar to freeze drying, where 
liquid droplets are sprayed into a very cold liquid (e.g., liquid nitrogen) where they 
quickly freeze.2,8  
Spray pyrolysis has several advantages over other powder production techniques 
(e.g., hydrothermal synthesis, emulsification techniques, laser ablation, and milling):  (1) 
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the systems are simple and inexpensive with relatively few moving parts; (2) the 
composition and doping is easily controlled; (3) the particle size and size distribution can 
be controlled; (4) the product is high purity; (5) it is a continuous process; and (6) it is an 
industrially scalable process. 
One potential disadvantage of spray pyrolysis is the tendency to form hollow and 
porous particles; however, for many applications, such microstructuring can, in fact, be 
beneficial.  Microstructuring can be intentionally introduced and controlled using salt-
assisted ultrasonic spray pyrolysis. 
 
1.2  Spray Techniques 
In spray pyrolysis, the size of the particles is directly related to the size of the 
droplets in the aerosol; thus, the method used for nebulization is important.  More 
specifically, the average particle diameter can be calculated from2 
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where Dp is the average particle diameter, M is the molecular weight of the precursor in 
solution, Dd is the average droplet diameter, C is the concentration of the precursor in 
solution, and ρp is the product density. 
Several common nebulization techniques are discussed below, and the advantages 
and disadvantages of each method are summarized in Table 1.1. 
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1.2.1  Pressure, Air-assisted, and Rotary Atomizers 
Pressure or jet atomizers create an aerosol by forcing a liquid at high pressure 
through a narrow aperture.2,9  The kinetic energy of the liquid forces it to break apart into 
many droplets after exiting the nozzle.  This method allows for high throughput of 
droplets, but the droplets are relatively large (diameters of 10-1000 μm) and highly 
polydisperse.  Air-assisted atomizers, also known as pneumatic atomizers, use a high 
pressure gas stream to break the liquid jet into droplets.2,9   This allows for a lower 
pressure jet, but requires a high pressure gas.  This method also allows for high 
throughput of droplets and better control of the droplet size than pressure atomizers.  
However, the droplets are still relatively large (diameters of 10-1000 μm), polydisperse, 
and have a high velocity.  Rotary atomizers direct a liquid jet onto a fast moving drum or 
disk.2,9  The kinetic energy imparted by the drum or disk breaks the jet into 
droplets.  Rotary atomizers allow for a more uniform and bell-curve shaped droplet size 
distribution than either the pressure or the air-assisted methods, but the droplets are still 
polydisperse and are relatively large (diameters of 10-1000 μm).  These atomizers are 
commonly used in industry due to their relative simplicity and high throughput.  The 
large average droplet size and high polydispersity, however, limit their usefulness for 
many applications. 
 
1.2.2  Electrostatic Atomizers 
Electrostatic atomizers use electrostatic forces to create an aerosol.2,10  Electric 
charges build on a liquid stream flowing through a capillary in a strong electric 
field.  Upon exiting the capillary, the stream breaks into many droplets due to the 
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repulsions of these charges.  By varying the diameter of the capillary and the strength of 
the electric field, droplets with a wide variety of diameters (0.01-1000 μm) can be 
produced.  The aerosols are monodisperse with a geometric standard deviation of ~1.1, an 
advantage of this type of atomizer over other systems.  Unfortunately, while large 
particles produced via electrostatic atomization can be made with high throughput, 
smaller droplets (notably sub-micron droplets) are formed at very low concentrations and 
are not as easily scaled as with other atomization methods.  Electrostatic atomizers also 
require the use of a conductive or semi-conductive liquid. 
 
1.2.3  Vibrating Orifice Aerosol Generators 
In vibrating orifice aerosol generators, a liquid is forced through a small hole or 
holes.11,12  The jet produced is broken up by vibrating the plate containing the hole or 
holes at a specific frequency (1-1000 kHz) using a piezoelectric transducer.  While the 
droplets produced using a vibrating orifice aerosol generator are relatively large (20-400 
μm), they are very monodisperse with a geometric standard deviation of 
~1.02.  Additionally, the small orifices used can easily become clogged, and only 
solutions (i.e., no suspensions) can be nebulized. 
 
1.2.4  Ultrasonic Atomizers 
There are two types of ultrasonic atomizers.  The first type forces the liquid 
through an ultrasonically vibrating nozzle to cause droplet formation2,13 (Figure 
1.1).  This method can produce droplets with average diameters of 10-1000 μm and a log-
normal, “medium” polydispersity droplet size distribution with a geometric standard 
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deviation of ~1.5.  Ultrasonic spray nozzle systems are capable of handling liquid flow 
rates from a few μL/min to tens of L/h. 
The second type of ultrasonic atomizer involves a submerged ultrasonic 
piezoelectric transducer.2,14  The ultrasound wave is carried via water, through a 
membrane to the precursor liquid.  When the ultrasonic wave reaches the air/liquid 
interface a standing wave is produced.  With a high enough wave intensity, a peak is 
produced that flings droplets away from the surface producing an aerosol (Figure 
1.2).  The diameter of these droplets was determined empirically by Lang to be14 
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where Dd is the average droplet diameter, γ is the surface tension of the liquid, ρ is the 
liquid density, and f is the frequency of the piezoelectric transducer.  Standard operating 
frequencies for commercially available submerged transducers range from 1.6-2.4 MHz 
and produce droplets with median diameters of 2-3 μm.  Aerosols produced by a 
submerged ultrasonic transducer have relatively narrow size distributions yet also allow 
for moderate throughput.2,14  Colloidal suspensions can be nebulized using a submerged 
ultrasonic transducer as long as the colloidal particles are less than approximately one 
tenth the size of the overall droplet.  Colloidal solutions with particle diameters on the 
order of 50 nm or less are routinely nebulized.  For spray pyrolysis, submerged ultrasonic 
transducers allow for a middle ground between the large size, broad distribution, and high 
throughput of pressure and air-assisted atomizers and the small size, narrow distribution, 
and low throughput of electrostatic atomizers and vibrating orifice aerosol generators. 
Both types of ultrasonic atomizers also benefit from the low gas and liquid flow 
rates required.  The submerged ultrasonic transducer in particular is a very simple system, 
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though care must be taken to maintain a consistent level of fluid above the piezoelectric 
transducer as this can have an effect on the size and concentration of the droplets 
produced. 
 
 
Figure 1.1  Schematic of a commercially available ultrasonic atomizing nozzle system 
(Sono-Tek).  Image from http://www.sono-tek.com/how-ultrasonic-nozzles-work/. 
 
 
Figure 1.2  Photograph of an ultrasonic fountain produced by a submerged 1.65 MHz 
piezoelectric transducer.15 
 
 
~1 cm
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Table 1.1  Comparison of Different Nebulization Methods 
Nebulization 
Method 
Average 
Droplet Size (μm) 
Droplet Size 
Distribution 
Gas Flow 
Rate 
Droplet 
Delivery 
Rate 
Pressure 10-1000 Broad Low High 
Air-assisted <1000 Broad High High 
Rotary 10-1000 Broad Low High 
Electrospray 0.01-1000 Very Narrow Low Low to high* 
VOAG† 20-400 Very Narrow Low Medium 
Ultrasonic 
(Nozzle) 10-1000 Medium Low Medium 
Ultrasonic 
(Submerged) 1-10 Narrow Low Medium 
*Small sizes have a low delivery rate and large sizes have a high delivery rate 
†Vibrating orifice aerosol generator 
 
1.3  Reaction Pathways in the Furnace 
1.3.1  Introduction 
Once an aerosol has been made in a spray pyrolysis apparatus, the mist is carried 
through a heated furnace via an inert or reactive gas.  In the furnace, there are many 
possible reaction pathways (Figure 1.3).  In most cases, solvent evaporation occurs 
followed by decomposition of the precursor and densification of the final product.  For 
these simple cases, the droplet size can be directly related to the final product size based 
on the density of the final product (equation 1.1). 
As each droplet is very small (~2-3 μm for ultrasonic spray pyrolysis), heat is 
transferred through the droplet quickly when in the furnace.  Evaporation can happen so 
quickly that precursor precipitates out of solution on the edge of the droplet, forming 
hollow spheres.  As gasses are often produced during decomposition, these spheres can 
burst open creating many fragments and bowl-shaped particles.  When multiple 
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precursors are mixed, phase separation can occur with the less soluble precursor 
precipitating on the outside of the droplet and the more soluble precursor precipitating on 
the inside forming ball-in-ball morphologies.  Other reactions can occur between the 
precursors, the solvent, or the carrier gas (if it is reactive) to form products that are not 
simply decomposition products. 
 
Figure 1.3  Schematic of many reaction pathways in spray pyrolysis 
 
1.3.2  Templates 
Templates can be introduced to further expand the morphologies available for 
spray pyrolysis products.  The templates can be formed either ex situ or in situ. 
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1.3.2.1  Ex Situ Templates 
An inert template such as silica16,17 or polystyrene18,19 microspheres can be 
incorporated easily with spray pyrolysis.  Upon heating, the precursors will decompose 
and form around the microspheres.  The templates can then be etched or burned out.  For 
carbon-based templates, such as polystyrene microspheres, the template removal can be 
done mid-stream through the use of a second furnace at a higher temperature.  Similarly, 
surfactants and block copolymers that are known to aid in self-assembly can provide soft 
templates for metal oxides as they do in bulk solution chemistry.20  Again, removal of the 
template is accomplished by burning the template out of the particle to produce a given 
morphology. 
Inert salts or their eutectic mixtures can also serve as templating agents.21-
23  When compared to the previously discussed methods, there are two main advantages 
to using inert salts and their eutectics as templates:  (1) the choice of salt or salt mixture 
dictates the phase of the template, which can greatly impact the final morphology of the 
particle and (2) many inert salts are inexpensive, reusable, and easily removed by 
washing with water or other appropriate solvents and are thus environmentally friendly 
alternatives to most other hard or soft templates.  A schematic of the salt-templating 
method is shown in Figure 1.4. 
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Figure 1.4  Schematic of spray pyrolysis versus salt-templated spray pyrolysis 
 
1.3.2.2  In Situ Templates 
Some templates can be formed in situ while the droplet/particle is in the 
furnace.  Many precursors or template precursors (e.g., organic compounds, nitrate salts) 
give off gases when decomposing.  As mentioned previously, these gases can break open 
hollow shell particles, but they can also produce microporosity, making small holes as 
they escape the particle and preventing densification of the product.  Many nitrate salts 
can serve as a template in three ways in spray pyrolysis.  First, they melt at low 
temperatures forming liquid salt.  Second, they decompose into NOx gases which provide 
another in situ template.  Third, after decomposition they leave behind sodium hydroxide, 
which, depending on the furnace temperature, may be a solid or liquid and can interact 
further to promote base-catalyzed reactions.24,25  These reactive salts, while not reusable, 
have similar benefits as the inert salts in that they are inexpensive and their 
decomposition products are removed easily with washing. 
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1.3.3  Reactive Carrier Gases 
Reactive gases can be introduced into the system to further manipulate the final 
chemistry of the product.  The reactive gas can be activated by the heat of the furnace, or 
it can be added after an inert carrier gas has swept the mist away from the precursor 
solution.26  An unusual form of spray pyrolysis can occur if a reactive gas is introduced, 
because if the gas reacts with the spray at room temperature, no additional heating is 
necessary and pyrolysis can occur at room temperature without the need of a furnace. 
 
1.4  Collection Techniques 
The final step in spray pyrolysis is to collect the material.  There are many 
methods for product collection each with its own advantages and disadvantages based on 
the size and composition of the final product and the scale of production.  The differences 
are summarized in Table 1.2. 
 
1.4.1  Cyclonic Separators 
In cyclonic separators, the gas/particle flow is sent into a conical drum and forced 
into a downward spiral (the cyclone) where upon reaching the bottom of the spiral, the 
gas flow abruptly turns upward and exits out of the center of the top of the cyclone 
(Figure 1.5a).2,27  The heavier particles have more inertia than the gas, and will scrape 
against the walls of the container and fall down when the gas stream is forced back up 
through the center of the radial stream.  This method is very efficient for larger particles 
(>1 μm), but is less efficient as the particles size and mass decrease.  Due to its simplicity 
and efficiency, cyclonic separators are often used in industry.  For example, they are used 
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in collecting powdered milk that has been spray dried, capturing saw dust, and filtering 
other particulates from air streams.  Although many cyclonic separators are very large 
scale, they are also showing up more frequently in household items such as bagless 
vacuum cleaners. 
 
Figure 1.5  Schematics of (a) a cyclonic separator27 and (b) an electrostatic precipitator. 
 
1.4.2  Electrostatic Precipitators 
Electrostatic precipitators use a strong electric field to charge particles and draw 
them to an oppositely charged plate for collection while the gas stream continues through 
the system.2,28  There are many geometries possible, but for particle collection (as 
opposed to filtration) it is common to have a high potential between a cylinder and wire 
that runs through the center of the cylinder (Figure 1.5b).  When the gas/particles flow 
through the cylinder, the particles are charged by the electric field and drawn to the sides 
of the cylinder while the gas flows through unhindered.  This method also has a very high 
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particle collection efficiency, and it can collect much finer particles than a cyclonic 
system.  Many air purifiers are electrostatic precipitators that remove even very small 
particles of dust or debris from the air.  Unfortunately, there are few commercially 
available bench top electrostatic precipitators; however, industrial scale electrostatic 
precipitators are common, though they are mostly for air purification and not product 
collection. 
 
1.4.3  Filters 
A simple method of product collection is the incorporation of a filter in the gas 
stream.2  The choice of filter is dependent on the particle size as the pores of the filter 
must be smaller than the particles.  Adding a filter will also cause some pressure build up, 
especially as the filter becomes clogged with product; thus filter choice is also dependent 
on the gas flow rate.  For especially fine powders, appropriate filters become increasingly 
expensive.  Also, while the filter may be efficient in removing particles from the gas 
stream, it may be difficult to remove the particles from the filter.  This is more commonly 
used in laboratory settings because the filter must be regularly changed, turning a 
continuous process into a batch process.  Industrial filters are more commonly used for 
particle removal than particle collection. 
 
1.4.4  Bubblers 
Directing the gas/particle aerosol through a series of bubblers allows the particles 
to be gradually collected in the bubbler liquid (e.g., water or ethanol).  This process is 
very inefficient but is convenient for laboratory collection.  Also, when salt templates are 
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used or other unwanted side-products are produced and must be removed, collection in 
bubblers can serve as the first washing of the product.  Bubblers will also collect any size 
particle.  However, any solvents that had vaporized in the furnace will condense in the 
bubblers, thus, for some reactions (e.g., spray drying), other collection methods are 
necessary. 
Table 1.2  Comparison of Different Collection Methods 
Collection 
Method 
Minimum 
Particle Size (μm) Continuous? 
Collection 
Efficiency 
Cyclonic 1 Yes High 
Electrostatic <<1 Yes High 
Filters Varies* No Medium 
Bubblers <1 No Low 
*Depends on filter pore size 
 
1.5  Examples of Materials Prepared via Spray Pyrolysis 
1.5.1  Metal oxides and other ceramics 
Metal oxides are the archetypal example of the utility of spray pyrolysis.1,2  The 
production of metal oxides and other refractory materials via spray pyrolysis has been 
studied in depth.  Essentially, any water-soluble metal salts can be used as precursors in 
spray pyrolysis with common examples including nitrates, chlorides, hydroxides, 
acetates, and metal complexes such as peroxo-, ammonium, lactate, or oxo-
complexes.  Many of these salts are readily available and inexpensive. 
Examples of metal oxides prepared via spray pyrolysis include the iron oxides (α-
Fe2O3, γ-Fe2O3, Fe3O4, and FeO),29-35 SnO2, 36 NiO, 37-41 ZnO,42-45 MgO,43 ZrO2,46-49 
Y2O3,50,51 Al2O3,52-56 Co3O4,57-59 TiO2 (rutile, anatase, and mixed phases),48,60,61 V2O5,62 
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and Bi2O3.62,63  Perhaps more useful is the synthesis of mixed metal systems.  By being 
able to precisely control the amount of each precursor in the precursor solution and, thus, 
in each microdroplet, spray pyrolysis can easily produce a wide variety of mixed metal 
oxide and doped mixed metal oxide materials.  Examples include the spinels NiFe2O4,64 
MgAl2O4,65,66 LiMn2O4,67,68 ZnFe2O4 69 and ZnCr2O470; the perovskites71 LaCoO3,72,73 
LaFeO3,74 BaTiO3,75,76 and Pb[ZrxTi1-x]O3;77-79 the superconductor YBa2Cu3O7-x;80,81 and 
the binary metal oxide Al2O3-SiO2.82 
Other ceramics, such as metal sulfides, nitrides, and carbides, have also been 
prepared using spray pyrolysis.  To prevent metal oxide formation, oxygen gas must be 
excluded from the reaction, thus, air cannot be used as a carrier gas.  Instead, other 
reactive gases such as H2S, NH3, and CH4 are used to yield the desired ceramic 
material.  Bang and Suslick obtained TiN by first synthesizing ZnTiO4 via ultrasonic 
spray pyrolysis.83  The prepared zinc titanate was then treated with ammonia gas at high 
temperature causing the zinc to reduce and evaporate from the product.  Okuyama and 
coworkers synthesized ZnS and CdS particles via spray pyrolysis of zinc nitrate or 
cadmium nitrate with thiourea (SC(NH2)2).84  It has also been shown that higher purity 
materials with more exact stoichiometry can be prepared using an inert carrier gas and a 
precursor that contains both the metal and nonmetal elements.85-87  The Suslick group has 
prepared MoS2 from the spray pyrolysis of (NH4)2MoS4.17 
 
1.5.2  Metals 
Metals can also be prepared via spray pyrolysis using precursors similar to those 
used in the preparation of metal oxides.  However, oxygen must be excluded from the 
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system and often a reductive gas (e.g., H2 or CO) is used or a reducing agent is added to 
the precursor solution.  Kodas and coworkers were able to produce palladium powders 
from spray pyrolysis of palladium nitrate when using nitrogen as a carrier gas.88  When 
oxygen was used, PdO was formed instead.  Other metal powders prepared via spray 
pyrolysis include nickel,89-91 bimetallic gold/palladium,92 silver,93-96 gold,97 copper,89 and 
cobalt.98 
 
1.5.3  Microstructured Materials 
While some very simple spray pyrolysis reactions give hollow or porous 
morphologies with the proper reaction conditions, studies have also been conducted to 
intentionally add porosity or form unusual morphologies in a controlled manner.  
Common techniques include using ex situ templating, in situ templating, and controlling 
evaporation rates. 
 
1.5.3.1  Silica and Carbon-based Templates 
The Okuyama group determined that simple spray drying of colloidal silica 
suspensions will yield agglomerates of silica microspheres with hierarchical structure 
based on colloid size.99  A mixed silica/polystyrene composite microsphere could be 
formed by adding polystyrene nanoparticles to these colloidal suspensions.18,100  Well 
defined pores were introduced into these silica microspheres upon removal of the 
polystyrene by heating in a second furnace at a higher temperature (Figure 
1.6).  Microspheres of zirconia, alumina, and yttria with ordered macropores were also 
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prepared by the Okuyama group using polystyrene nanoparticles and the metal nitrate 
salt.19 
 
Figure 1.6  a) Low magnification and b) high magnification SEM images of porous silica 
microspheres prepared from 5 nm silica nanoparticles and 178 nm polystyrene beads in a 
two zone furnace system.18  
 
Suh and Suslick further developed this method to remove the necessity of the 
relatively expensive polystyrene beads.15  Instead, a reactive monomer (i.e., sytrene) was 
used along with a cross-linker and initiator.  In the first, low-temperature furnace, 
agglomeration of the silica and polymerization of the monomer occurred creating a 
silica/polystyrene composite.  The second, high-temperature furnace then burned the in 
situ formed polystyrene to produce porous silica microspheres (Figure 1.7).  The porosity 
and morphology of the silica microspheres was easily tuned by changing the 
silica/monomer ratio.  With the addition of Co2(CO)8 to the precursor solution, the silica 
particles could be doped with ferromagnetic Co nanoparticles. 
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Figure 1.7  (a and b) SEM images of porous silica microspheres produced by USP of 
solutions with 3:1 w/w ratio of styrene and 12 nm silica nanoparticles. Co2(CO)8 also 
present in the precursor solution doped the spheres with cobalt nanoparticles.15 
 
Silica can also serve as a hard template, as Suh and Suslick showed when they 
used a Ti(IV) complex with colloidal silica to produce a titania-silica composite 
microsphere via ultrasonic spray pyrolysis (Figure 1.8).101  By etching the composite 
microspheres with an HF solution, the silica could be selectively removed to produce 
porous titania spheres.  As before, the introduction of transition metal precursors (such as 
Co precursors) allows the titania microspheres to be doped. 
 
Figure 1.8  SEM images of (a) as prepared titania-silica composite microspheres and (b) 
porous titania spheres after the silica has been selectively removed.101 
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The Brinker group has used soft templates (e.g., surfactants and polymer spheres) 
to make porous and hierarchically structured SiO2 microspheres (Figure 1.9).20,102  By 
controlling the evaporation rate of the precursor solution, the self-assembly of the soft 
template could be controlled, thus controlling the final morphology of the product.  This 
method was extended to prepare structured Fe3O4 and CuO microspheres.103 
 
Figure 1.9  TEM images of porous silica spheres prepared by evaporation-induced self-
assembly showing (a) hexagonal, (b) cubic, (c) vesicular mesostructure.102 
 
1.5.3.2  Salt Templates 
The Skrabalak group was able to control the porosity of silica microspheres by the 
spray pyrolysis of colloidal silica with different salt mixtures of sodium nitrate and 
lithium nitrate (Figure 1.10).23  Using the low melting point salt eutectics allowed for a 
dynamic droplet phase to be maintained throughout particle formation. 
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Figure 1.10  SEM and (insets) TEM images of silica microspheres formed using (A) no 
salt, (B) a 1:1, (C) a 1.5:1, and (D) a 2:1 mol ratio of Ludox TM-40 colloidal silica to 
NaNO3/LiNO3 eutectic.23 
 
The same group was also recently able to create nanoplates (instead of 
microspheres) using spray pyrolysis and salt templating (Figure 1.11).22  Precursors were 
selected that undergo a metathesis reaction that yields non-transient byproducts (i.e., 
BiOCl colloids and Na2WO4).  Upon heating, Bi2WO6 is formed along with the non-
volatile, solid byproduct NaCl.  It is believed that Bi2WO6 nucleates at multiple spots in 
each droplet, but that the NaCl inhibits sintering and the Bi2WO6 crystals grow larger 
with the most thermodynamically favorable facet expressed.  Thus, crystalline plates 
(instead of spheres) were produced that could easily be removed from their NaCl 
templates by washing.  The Skrabalak group also combined USP with a molten salt 
synthesis to produce NaInS2 nanoplates (Figure 1.12).104 
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Figure 1.11  (a) SEM, (b) TEM, and (b inset) electron diffraction of Bi2WO6 nanoplates 
formed from the metathesis reaction of BiOCl and Na2WO4 via USP.22  
 
 
Figure 1.12  (A) SEM, (B) TEM, and (B inset) electron diffraction of NaInS2 nanoplates 
formed from combining a molten salt synthesis with USP.104 
 
Recently, the Suslick group has prepared many variations of porous carbon 
spheres and porous carbon spheres containing nanoparticles.24,25,105-107  All of these 
methods use a carbon precursor and spray pyrolysis with either an ex situ salt template or 
in situ formed salt template to produce a variety of morphologies and porosities.  By 
incorporating iron,24 gold,105 and silver precursors,105 ferrimagnetic iron oxide, gold, and 
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silver nanoparticles can be formed within the carbon spheres.  These reactions will be 
discussed in greater detail in Chapter 4. 
 
1.5.4  Nanoparticles 
It is theoretically possible to create nanoparticles with spray pyrolysis by greatly 
decreasing the concentration of the precursor in solution; however, this is impractical due 
to the low production rate.  Two alternate methods, salt-assisted aerosol decomposition 
(SAAD) and chemical aerosol flow synthesis (CAFS), have been shown to produce 
multiple nanoparticles per droplet using spray pyrolysis. 
In the SAAD process, a large concentration of salt is added to the precursor 
solution.  This salt, which melts in the furnace, acts as a high temperature solvent (rather 
than a template, as it would at lower concentrations) that prevents the agglomeration and 
densification of the nanoparticles formed in each microdroplet.  After reacting, the salt 
can be washed away leaving multiple nanoparticles per microdroplet.  SAAD can be 
thought of as the extreme of salt templating.  In typical salt templating, densification of 
the product is partially prevented.  With such a large excess of salt in SAAD, no 
densification of any neighboring nucleation sites can occur.  A traditional spray pyrolysis 
synthesis of Y2O3-ZrO2 particles yielded particles with an average diameter of 660 nm.  
Using the SAAD method yielded particles with an average diameter of 12.8 nm (Figure 
1.13).108  Many groups have used the SAAD method and determined that the melting 
point of the salt and the product solubility in the salt are important when using the SAAD 
process.109  Nanoparticles that have been prepared using this method include Ag/Pd,108 
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ZnS,108 CeO2,110 NiO,111 BaTiO3,112 ZnO,113 hydroxyapatite,114 CuO,115 MnO2,116 
Co3O4,116 Ga2O3,117 and LaMnO3.118 
 
Figure 1.13  SEM and TEM images of Y2O3-ZrO2 particles formed using (a and b) 
conventional aerosol decomposition (spray pyrolysis) and (c and d) SAAD.  (c) 
Unwashed and (d) washed product.  Note that the conventional aerosol decomposition 
technique leads to large spheres whereas the SAAD technique forms nanoparticles.108 
 
CAFS synthesis is similar to SAAD in making use of a high temperature solvent 
during spray pyrolysis.  In CAFS two solvents are used, a low boiling point solvent and a 
high boiling point solvent, such that only one solvent evaporates within the furnace.  As 
in SAAD, a liquid remains and multiple nucleations occur within each droplet, but no 
densification occurs.  Using this method, CdS, CdSe, and CdTe quantum dots with 
narrow size distributions have been produced.119  By changing the precursors’ 
concentrations and the furnace temperature, the size of the dots could be changed, and 
thus, their fluorescence spectrum could be tuned (Figure 1.14).  This was later extended 
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to prepare CdTeSe and CdTeS quantum dots which fluoresce in the red to near-IR 
regions.120  By altering the Te/Se ratio, the bandgap could be tuned. 
 
Figure 1.14  a) TEM and (inset) HRTEM of CdSe nanoparticles formed via CAFS.  b) 
fluorescence spectra of CdTe formed via CAFS with increasing Cd concentration from 
left to right.  c) Photograph of photoluminescence of CdSe nanoparticles synthesized at 
different furnace temperatures in toluene.119 
 
1.6  Summary 
Spray pyrolysis is an extremely versatile technique.  Many varieties of 
compositions and morphologies of materials can be prepared by choosing the appropriate 
precursor, template, solvent, furnace temperature, and carrier gas.  Spray pyrolysis is an 
especially powerful technique for application-based materials due to the scalability of the 
technique and the environmentally friendly nature of many of the common precursors and 
templating methods. 
 
 
a b
c
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CHAPTER 2 
ROUGH ZINC OXIDE MICROSPHERES TOWARD SURFACES WITH 
CONTROLLED WETTABILITY 
 
2.1  Introduction 
The wettability of a material, i.e., whether a given liquid beads on the surface or 
spreads and wets the surface, is an important characteristic for many 
applications.1  Specifically, superhydrophobic materials have been shown by nature to 
provide self-cleaning (the lotus leaf),2 microfluidics (beetle backs),3 fluidic drag 
reduction and anti-biofouling (shark skin),4 and enhanced fluid support (water 
strider).5  These materials have been mimicked in man-made materials for similar 
applications and for stain free clothing,6 chemical protection,7 the prevention of ice 
formation,8-11 and improving heat transfer.12-16 
 
2.1.1  Wetting Metrics, Superhydrophobicity, and Superhygrophobicity 
The metric most commonly used to quantify the wetting behavior of a liquid on a 
solid is the contact angle.  When a droplet is placed on a surface, three interactions 
determine how much the droplet will spread on the surface:  the solid/liquid (γsl), 
liquid/gas (γlg), and solid/gas (γsg) interactions or interfacial energies.1,17  The liquid/gas 
interfacial energy is also called surface tension.  For a flat surface, the contact angle can 
be calculated using Young’s equation: 
 sgsl γθγγ =+ coslg  (2.1) 
where θ is the contact angle (also called the Young’s contact angle) (Figure 2.1).  For 
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water, a surface which gives a contact angle less than 90° is described as hydrophilic 
(water loving) whereas a surface which gives a contact angle greater than 90° is described 
as hydrophobic (water fearing).  Similar terms have been created to describe other liquids 
such as oleophobic/oleophilic (for oils), ambiphobic/ambiphilic (for water and oils), and 
omniphobic/omniphilic (for “essentially all liquids”, although no fluoroalkanes were 
tested).7  It has been proposed that the terms hygrophobic/hygrophilic refer to a general 
liquid (though, not necessarily all liquids) from the greek root “hygro-” meaning “wet” or 
“liquid.”18 
 
Figure 2.1  Schematic of the liquid/gas (blue), solid/gas (red), and solid/liquid (green) 
interfacial energies and the contact angle for a liquid on a surface. 
 
Static contact angle measurements, however, are not very precise.  The amount of 
liquid used when comparing contact angles must be the same, and gravity has a strong 
effect on the shape of the droplet when the droplet is large (even droplets as small as 4 or 
5 μL of water have noticeable deformation caused by gravity).17,19   Even after correcting 
for gravitational effects, a static contact angle will vary over a range of values.  This is 
because there is an energy barrier to moving the droplet boundary across a surface, the 
addition or removal of liquid from the droplet (due to various measurement procedures or 
evaporation) can raise or lower the contact angle measurement.  Dynamic contact angle 
measurements are more reliable as they measure the maximum contact angle (the 
θ
γsl
γsg
γlg
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advancing contact angle, θadv) and the minimum contact angle (the receding contact 
angle, θrec) that can occur.  There are two common methods for determining θadv and θrec.  
The first method involves adding liquid to the droplet and measuring the contact angle 
just before the liquid/solid boundary expands (θadv) and removing liquid from the droplet 
and measuring the contact angle just before the liquid/solid boundary shrinks (θrec) 
(Figure 2.2).17,19  The difference between θadv and θrec is the contact angle hysteresis.  The 
second method for determining θadv and θrec involves tilting the surface of measurement 
until just before the droplet begins to move.17,19  θadv is the contact angle at the head of 
the droplet and θrec is at the tail.  The angle at which the droplet begins to move is the 
roll-off angle (Figure 2.3). 
 
Figure 2.2  Schematic showing a dynamic contact angle measurement for determining 
the advancing and receding contact angles by adding and removing liquid. 
 
 
 
θadv θrec
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Figure 2.3  Schematic showing a dynamic contact angle measurement for determining 
the advancing and receding contact angles  and the roll-off angle by titling the surface. 
 
Materials which have water contact angles greater than 150° (and roll-off angles 
less than 10°) are said to be superhydrophobic (or superhygrophobic for a general liquid), 
and have been extensively studied.1,20  Some polymers, especially fluoropolymers, have 
such low surface energies that water contact angles as high as 120° can be achieved.  To 
achieve superhydrophobicity, however, the surface must be roughened.  It was shown by 
Wenzel21 in 1936 that a rough surface can alter the apparent contact angle (Figure 2.4) 
such that 
 θθ coscos rW =  (2.2) 
where θW is the apparent contact angle in the Wenzel state, r is the roughness of the 
surface (the ratio of the actual surface area to the projected surface area), and θ is the 
Young’s contact angle.  From this equation, it can be seen that, in the Wenzel state, only 
hydrophobic materials can become superhydrophobic.  In 1944, Cassie and Baxter22 
described an alternative, heterogeneous state, where the gas phase exists on two sides of 
the liquid either due to being trapped underneath or because of the porous nature of the 
surface (such as for woven fabrics) (Figure 2.4).  A model of this behavior is the Cassie-
Baxter equation: 
θadv
θrec
roll-off angle
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 1coscos −+= ffrfCB θθ  (2.3) 
where θCB is the apparent contact angle in the Cassie-Baxter state, rf is the roughness of 
the wetted surface, and f  is the fraction of the solid in contact with the liquid.  This 
model does not exclude superhygrophobicity from inherently hygrophilic liquid/solid 
interactions;18 however, the Cassie-Baxter state is metastable and will transition to the 
Wenzel state if given enough pressure.23  This transition has been shown to be reversible 
in some cases.24 
 
Figure 2.4  Schematic showing (b) the homogeneous Wenzel state and (c) heterogeneous 
Cassie-Baxter state with (a) a flat surface for comparison. 
 
Theoretical18,20,23,25,26 and experimental7,20,25-27 work has shown that the Cassie-
Baxter state can be stabilized using hierarchical roughness.  This allows for 
superhygrophobicity for liquids with surface tensions as low as 20 mN/m (water has a 
surface tension of 72.8 mN/m at 20 °C).7  These types of materials have applications in 
chemical shielding7 and heat transfer in refrigerant systems.13 
 
2.1.2  Use of ZnO in Superhydrophobic Materials 
Zinc oxide has been used in the synthesis of many materials, superhygrophobic or 
otherwise, due to its relatively low cost, chemical stability, and biological 
Flat Surface Wenzel State Cassie-Baxter State
(a) (b) (c)
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compatibility.28-31  The electrical properties of ZnO also make it a promising candidate 
for use in electrowetting or electrowetting-on-dielectric devices.32-36  In electrowetting, an 
applied voltage can force a transition between the Cassie-Baxter and Wenzel states, 
drastically decreasing the apparent contact angle.36,37  This effect can be further amplified 
by inserting a dielectric (such as zinc oxide) between a conductive layer and a 
hydrophobic layer (such as a fluoropolymer). 
Recently, it has also been shown that spraying zinc oxide nanoparticles with a low 
surface energy binder can create a film which is superoleophobic due to the hierarchical 
patterning of the surface (Figure 2.5).38  It is this hierarchical structure that stabilizes the 
Cassie-Baxter state; however, an in-depth study has yet to be performed to determine the 
effect of different roughness scales with this system. 
 
Figure 2.5  SEM micrographs of sprayed ZnO nanoparticles showing hierarchical 
roughness and self-similarity at the (a) 1 μm scale and (b) 50 μm scale.38 
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2.2  Experimental Methods 
2.2.1  USP Apparatus 
All USP synthesized materials were made using a vertical USP setup as shown in 
Figure 2.6.  All non-quartz custom glassware was made by the University of Illinois 
School of Chemical Sciences Glass Shop. 
 
Figure 2.6  Schematic of the vertical USP setup used by the Suslick group. 
 
Carrier gas
Carrier gas
inlet
Nebulization
cell
Rubber
septum
Rotary
evaporator
trap
Cylindrical
furnaceQuartzfurnace
tube
Nebulizer
base
Piezoelectric
transducer
To bubblers
Precursor
solution
Water bath
Clamp
44 
 
The aerosol is generated using a custom submerged ultrasonic nebulizer built in-
house by the University of Illinois School of Chemical Sciences Electronic Shop (Figure 
2.7A).  The nebulizer consists of a bottom portion which houses all of the electronics for 
a nebulizer board (APC International, Inc., #50-1011)  containing a piezoelectric 
transducer which operates at 1.65 MHz (Figure 2.7B).  The base also contains an internal 
variable AC transformer (variac) which controls the power going to the piezoelectric 
transducer and, thus, the intensity of the generated wave.  All work was performed using 
the maximum power of the nebulizer.  The top portion of the nebulizer is a water bath 
which is in contact with the piezoelectric.  Four alignment pegs are screwed into the base 
to center the nebulization cell above the piezoelectric. 
 
Figure 2.7  Photographs of (A) the home-built nebulizer and (B) the front and back of the 
piezoceramic nebulizer board.  Image adapted from 
http://www.americanpiezo.com/products_services/nebulizers.html. 
 
The custom nebulization cell consists of a 57 mm O-ring flat flange (Chemglass, 
#CG-138-02) fused to the bottom of a 1 L, 3-necked round bottom flask with 24/40 
ground glass joints.  A custom clamp (made by the University of Illinois School of 
Chemical Sciences Machine Shop) is used to secure a 2 mil, polyethylene film (cut from 
a plastic bag) to the flange of the cell.  The film allows the transduction of the ultrasound 
on/off
switch variac
water
level
sensor
piezoceramic
alignment
pegs
A
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from the water bath to the precursor solution within the nebulization cell.  The clamp 
consists of the following from the bottom up:  a brass ring (9 cm outer diameter, 6 cm 
inner diameter, 2 mm thick) with six equally spaced holes (1/4 in diameter), a 
polytetrafluoroethylene (PTFE) ring of similar dimensions, a second PTFE ring (5.6 cm 
outer diameter, 2.8 cm inner diameter, 7 mm thick) with an O-ring groove (4 mm wide, 
1.5 mm deep) and a corresponding O-ring (which comes with the flat flange), the plastic 
film, the nebulization cell flange, two half-moon PTFE rings, and two half-moon brass 
rings (with the same dimensions as the first brass and PTFE rings).  This assembly is held 
together with six socket head cap screws (1/4 in outer diameter, 2 in in length) which are 
threaded through the six holes and secured with appropriate nuts and washers (Figures 
2.8 and 2.9).  The assembled cell is placed into the water bath, and any air bubbles 
trapped between the plastic film and the water bath are removed with a syringe to 
minimize impedance mismatch and maximize ultrasound transduction to the precursor 
solution. 
 
Figure 2.8  (a) Photograph of the custom nebulization cell clamp.  (b) Photograph of the 
custom nebulization cell with clamp in the nebulizer base. 
 
a
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Figure 2.9  Schematic of the custom nebulization cell clamp showing the order of the 
different parts and the location of the plastic membrane and nebulization cell. 
 
A custom carrier gas inlet (Figure 2.10) is inserted into one of the side necks of 
the nebulization cell to direct the carrier gas to the center of the mist for efficient 
sweeping of the aerosol through the furnace tube.  It is composed of a male 24/40 ground 
glass hose connection joint with a tube that extends into the center of the nebulization cell 
(7 mm outer diameter, 5 mm inner diameter, ~3 in in length).  The carrier gas is 
connected to the hose connection of the custom gas inlet, and the flow rate of the gas is 
controlled by a rotameter.  A rubber septum is inserted into the other side neck of the 
nebulization cell.  This allows for precursor solution to be injected into the nebulization 
cell without the introduction of outside air for oxygen sensitive reactions. 
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Figure 2.10  Schematic of the custom carrier gas inlet. 
 
A standard rotary evaporator trap with a 24/40 ground glass joint is connected to 
the center neck of the nebulization cell to prevent large splashes from the aerosol 
generation from entering the furnace which would result in a less uniform droplet size 
and particle size distribution. 
A quartz furnace tube (35 mm outer diameter, 32 mm inner diameter ~40 cm 
long, made by Quartz Scientific, Inc., Figure 2.11) with a 24/40 male ground glass joint 
at one end and a 35/25 ground glass ball joint at the top is inserted through a vertically 
oriented furnace (Omega CRFC-212/120-C-A) and connected to the bump trap via the 
24/40 joint.  The furnace is controlled by a variable AC transformer and can reach 
temperatures as high as 1100 °C.  The temperature is monitored by a K-type 
thermocouple inserted between the furnace and the furnace tube.  The tip of the 
thermocouple is approximately one-third of the way down the tube (the hottest portion of 
a vertically oriented furnace).  
 
Figure 2.11  Schematic of the quartz furnace tube. 
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A glass adapter with a 35/25 ground glass socket joint on one end and a hose 
connection on the other caps the furnace tube and is held in place with a c-clamp.  Tygon 
tubing (5/16 in inner diameter, 7/16 in outer diameter) is used to connect this adapter to a 
series of bubblers (e.g., Chemglass #CG-4515) also connected by Tygon tubing.  The 
bubblers are used for particle collection, with each bubbler containing ~50 mL of 
collection liquid. 
 
2.2.2  Precursor Solution Preparation 
Zinc oxide nanoparticles (Aldrich, nanoparticles, dispersion, 50 wt% in water, 
<100 nm, <35 nm average particle size (APS)) and sodium chloride (Mallinckrodt 
Chemicals, ACS) were used as received.  Precursor solutions were prepared by mixing 
appropriate masses of the zinc oxide dispersion, sodium chloride, and DI water.  These 
mixtures were sonicated prior to nebulization to ensure a well-mixed dispersion.  To 
ensure adequate nebulization, no more than ~50 mL of precursor solution should be in 
the nebulization cell at a given time; thus, precursor solutions were designed to be ~50 
mL or less. 
 
2.2.3  Reaction Conditions 
The furnace was preheated to 700 °C, and compressed air was used as the carrier 
gas at a flow rate of 1 SLPM.  Under these conditions, the droplet residence time is 
estimated to be less than 10 s.  DI water was used as the collection liquid in the 
bubblers.  After the furnace had reached the appropriate temperature, the precursor 
solution was added to the nebulization cell, and the nebulizer was turned on.  After the 
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entire precursor solution was aerosolized or after the desired amount of product had been 
obtained, the nebulizer was turned off.  Any remaining aerosol was allowed to dissipate 
before turning off the furnace.  The system was allowed to cool with the carrier gas 
flowing to prevent the collection liquid from flowing backward through the system. 
 
2.2.4.  Product Isolation and Washing 
Five bubblers were used to collect the product after USP.  The use of five 
bubblers maximizes product yield while minimizing the number of bubblers used as 
additional bubblers do not significantly increase product yield.  After the reaction was 
shut down, the bubbler liquid was collected, and the product remaining on the inside of 
the Tygon tubing and the hose/socket joint adapter was rinsed with DI water and added to 
the bubbler liquid.  Sonication of the glassware and extra rinsing with DI water was 
performed when necessary to remove strongly adhered product.  The product was 
isolated from the collection water by centrifugation (Fisher Model 225 centrifuge, <5000 
rpm, 15 min).  Product containing sodium chloride was then washed with DI water and 
centrifuged 3-4 times to remove the salt residue.  Finally, the product was washed with 
ethanol, centrifuged, and collected on a weigh boat to dry overnight. 
 
2.2.5  Film Formation 
Zinc oxide nanoparticles (Alfa Aesar, NanoGard®, 40-100 nm APS powder]), 
acetone (Fisher, >99.5%, certified ACS),  xylenes (Fisher, >98.5%, certified ACS),  
n-hexane (Fisher, >95%, certified ACS), a proprietary fluropolymer (DuPont, 
CAPSTONETM ST-300), polydimethylsiloxane (Dow Corning, Sylgard 184 kit), vinyl 
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terminated trifluoropropyl methylsiloxane-dimethylsiloxane copolymer (Gelest, Inc., 35-
45% trifluoropropyl methylsiloxane, Mw = 25,000-35,000) (FPDMS), trimethylsiloxy 
terminated methyl hydrosiloxane-dimethylsioxane copolymer (Gelest, Inc., 25-30% 
methyl hydrosiloxane, Mw = 1900-2000) (x-linker), and platinum 
divinyltetraethyldisiloxane complex (Gelest, Inc., in xylene, 2.1-2.4% platinum 
concentration) (Pt catalyst) were used as received. 
For binderless zinc oxide films, 0.5 g zinc oxide (either one of the USP zinc 
oxides or the control zinc oxide nanoparticles) was dispersed in 19 g of acetone and 0.5 g 
of DI water.  This slurry was mixed in the sonication bath and then sprayed onto a heated 
silicon wafer using an airbrush (Badger 250) with 20 PSI of compressed air.  The 
airbrush was shaken during spraying to prevent settling of the dispersion.  The silicon 
wafer was heated using a heat plate on its lowest setting (~35 °C).  Squares of silicon 
wafers used were ~2 cm2 in area.  A consistent spray was achieved by optimizing the 
spray distance.  Spraying was performed from far enough away so that most of the 
solvent had evaporated by the time it got to the silicon wafer (and, thus, did not wash 
away the particles already deposited) but close enough that a large enough density of 
particles hit the silicon wafer to accumulate.  In this way, a thick, even layer of ZnO was 
formed.  This was easier to achieve with lower boiling point solvents such as n-
hexane.  Silicon wafers were then placed in a furnace open to the air at 500, 700, and 900 
°C for 20 min, 1 h, 3 h, and 16 h. 
For films made using the DuPont CAPSTONE binder, 0.5 g zinc oxide was 
dispersed in a mixture of 11 g acetone, 0.7 g DI water, and 0.3 g of the DuPont binder 
(based on a previously reported formulation38).  This slurry was mixed in the sonication 
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bath and then sprayed onto a heated glass slide using an airbrush in a similar manner as 
the binderless zinc oxide slurries.  Drop cast films were also prepared on heated glass 
slides.  The films were left to set at least one day before contact angle testing. 
For films made with a polydimethylsiloxane (PDMS) binder, 0.5 g zinc oxide was 
dispersed in a mixture of Sylgard 184 prepared as directed (10:1 ratio of polymer to 
activator) diluted with xylenes to produce 20 mL slurries with either 10:1, 1:1, or 1:10 
ratios of PDMS/zinc oxide by mass.  After spraying on glass slides in a similar manner as 
the films with the DuPont binder or drop casting the slurry, the slides were cured in a 
70 °C oven for at least 45 min. 
Similar PDMS films were made using n-hexane as the solvent.  The PDMS/zinc 
oxide ratios used were 2:1, 1:1, and 1:2, and the films were sprayed on silicon wafers and 
cured in a 70 °C oven for at least 45 min.  The PDMS films made using n-hexane were 
either left untreated or were coated with polytetrafluoroethylene (PTFE).  A soluble form 
of PTFE (DuPont, Teflon AF, Grade 601S1-100-6) was dissolved in a perfluorocarbon 
solvent (3M, Fluorinert FC-770) in a 1:5 ratio of PTFE/solvent.  The PDMS samples 
were dipped into the solution and then heated in a programmable furnace to cure.  The 
temperature of the furnace was brought from room temperature to 105 °C in 5 min, held 
at 105 °C for 5 min, ramped to 330 °C in 5 min, and held at 330 °C for 15 min, per the 
manufacturer’s specifications.  At the end of the curing cycle, the furnace was turned off, 
and the samples were left to cool. 
For films made with the FPDMS, two mixtures were made:  one with 1498 μL of 
FPDMS and 2 μL of the Pt catalyst diluted to 1 g/mL in hexane and the other with 
450 μL FPDMS and 50 μL of x-linker diluted to 1 g/mL in hexane.  These mixtures were 
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combined in a 3:1 ratio and added to 0.5 g zinc oxide and enough hexane to make a 20 
mL slurry with a 1:1, 2:1, and 10:1 mass ratio of zinc oxide to polymer (3.75 mL solution 
1, 1.25 mL solution 2, 15 mL hexane; 1.875 mL solution 1, 0.625 mL solution 2, 17.5 mL 
hexane; and 0.375 mL solution 1, 0.125 mL solution 2, 19.5 mL hexane).  These slurries 
were airbrushed onto silicon wafers in the same manner as the binderless films.  The 
slurries were also drop cast onto heated silicon wafers.  Care was taken to minimize the 
time between solution mixing and spraying/drop casting as the working time of the 
polymer was <10 min after mixing. 
 
2.2.6  Characterization 
2.2.6.1  Scanning Electron Microscopy 
Scanning electron microscope (SEM) images were obtained on a JEOL 7000F 
scanning electron microscope operating at 15 kV with a medium probe current and a 
working distance of 10 mm.  SEM samples of the zinc oxide particles were prepared by 
dispersing the zinc oxide powders in ethanol, drop casting onto a small silicon wafer 
(~5x5 mm), and allowing the ethanol to dry.  Samples were sputter coated with ~10 nm 
of AuPd prior to analysis to prevent surface charging.  SEM images of the films’ surfaces 
and cross-sections were also taken.  Sputter coating was also performed on these samples 
before analysis. 
 
2.2.6.2  Contact Angle Analysis 
Contact angle measurements were taken by Eduardo Torrealba, a mechanical 
engineering graduate student in the Bill King group at the University of Illinois at 
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Urbana-Champaign, using a KSV Instruments CAM 200 goniometer with a 10 μL 
droplet and a Young-Laplace fitting. 
 
2.3  Results and Discussion:  Rough Zinc Oxide Microspheres 
A variety of zinc oxide microspheres were easily synthesized by USP of precursor 
solutions containing zinc oxide nanoparticles and sodium chloride.  A precursor solution 
containing 5 wt% of zinc oxide nanoparticles produces agglomerated microspheres 
~800 nm in diameter with a dimpled surface where the individual surface zinc oxide 
nanoparticles are distinguishable in SEM (Figure 2.12a).  By adding increasing amounts 
of sodium chloride (1, 2, and 5 wt%) the surface becomes increasingly roughened as the 
solid salt present in the droplet serves as a template (Figures 2.12b, c, and f).  At equal 
weights of zinc oxide nanoparticles and sodium chloride, the salt template prevents the 
formation of stable spheres, and either no sphere is formed, or the spheres that are formed 
are too loosely bound that they break apart during particle collection or washing.  Product 
collected from the top of the furnace tube (before entering the bubblers) shows the salt 
still present in the unwashed sample (Figure 2.13). 
54 
 
 
Figure 2.12  SEM images of ZnO microspheres formed from precursor solution 
containing (a) 5% ZnO, (b) 5% ZnO and 1% NaCl, (c) 5% ZnO and 2% NaCl, (d) 0.5% 
ZnO, (e) 0.5% ZnO and 0.1% NaCl, and (f) 5% ZnO and 5% NaCl. 
 
 
Figure 2.13  SEM image of ZnO microspheres formed from precursor solution 
containing 5% ZnO and 1.5% NaCl (a) unwashed and (b) washed.  Arrows point to 
smooth inclusions which are likely NaCl salt crystals. 
 
500 nm
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As with most spray pyrolysis techniques, the size of the product is controlled by 
changing the concentrations of the reactants in the precursor solution.  The USP product 
of a precursor solution of 0.5 wt% zinc oxide nanoparticles produces microspheres ~400 
nm in diameter (1/10th the concentration leads to 1/(101/3) ≈ 1/2 the diameter) (Figure 
2.12d).  This size control can be easily extended to the salt-templated spheres.  A 
precursor solution of 0.5 wt% zinc oxide nanoparticles and 0.1 wt% sodium chloride 
yields a product with similar roughness to the 5 wt%/1 wt% precursor solution but 
smaller in size (Figure 2.12e). 
Similar salt-templating has been done before with silica nanoparticles via USP;39 
however, this has not been shown for zinc oxide.  Previous group members have prepared 
porous zinc oxide microspheres using silica nanoparticles as a template.40  This template 
was then etched with sodium hydroxide to produce the porous zinc oxide 
microspheres.  Comparison of the silica-templated and salt-templated zinc oxide 
microspheres show that the salt-templating is equally effective (Figure 2.14), yet is much 
less expensive and does not require an etching step or have silica laden sodium hydroxide 
solutions as waste byproducts.  In fact, it is possible to remove the sodium chloride from 
the wash water and reuse it for templating more product. 
 
Figure 2.14  SEM images of porous ZnO formed from (a) silica nanoparticle template40 
and (b) NaCl template. 
 
500 nm
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These results show the facile nature of USP and the ability to control size and 
shape with simple tweaking of the reaction variables.  Also shown is the 
environmentally-friendly nature of USP due to the use of salt-templating in lieu of other 
templates. 
 
2.4  Results and Discussion:  Wetting Properties of Zinc Oxide Microsphere Films 
The effect of zinc microsphere size and roughness was studied.  There were three 
size-ranges being considered:  the roughness on the scale of the size of the nanoparticles, 
the size of the microparticles, and the size of the agglomerates of microparticles formed 
after spraying.  Thus, this work expands on previous studies of zinc oxide nanoparticles. 
Initially, no binder was used to hold the zinc oxide microspheres or nanoparticles 
(used as a control) together.  Instead, an attempt was made to anneal the particles 
together.  This was tried at various temperatures and lengths of time, but even at 900 °C 
for 17 h, the particles were only loosely adhered to one another or the substrate and 
would wash off when water was dropped on the surface for contact angle 
measuring.  Other bare particle experiments were tried using double-sided tape (Scotch) 
and carbon tape.  The loose particles were smeared onto the tape, and loose particles were 
gently tapped off.  Contact angle measurements were successfully made; however, after 
only a few minutes, the zinc oxide became detached from the tape.  Also, because only a 
single layer of particles became affixed to the tape, much of the surface interactions may 
be between the test liquid and the adhesive and not between the test liquid and the zinc 
oxide particles. 
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Mimicking previous work,38 a DuPont fluoropolymer was used as a 
binder.  While some of the materials had higher contact angles than the control 
nanoparticles for either water or oleic acid (Table 2.1), the results were inconsistent.  This 
was due to the poor dispersion of the particles in the slurry.  The drop-cast films were 
more consistent but still had visible regions of higher and lower zinc oxide densities.  All 
of these films, including the control film, were not well attached to the substrate and, 
though robust enough for repeat contact angle measurements, could be easily wiped off. 
PDMS was considered as an alternative binder.  The use of xylenes as the slurry 
solvent was incompatible with our spray method.  To successfully spray a slurry, the 
majority of the solvent must have evaporated before the droplets reach the target surface.  
As xylenes has a relatively high boiling point, any slurry sprayed onto the substrate 
would be washed away with continued spraying.  Drop cast samples, however, showed 
relatively consistent results.  The 1:10 ratio of zinc oxide to PDMS leads to a thick film 
of PDMS containing many dispersed zinc oxide spheres which is most obvious in the 
cross-section.  A 1:1 ratio produces a film of particles, although SEM reveals the polymer 
may be filling some of the smaller nanoscaled topography as portions of polymer can be 
seen connecting the zinc oxide spheres.  However, this does show that the binder is, in 
fact, binding the particles together.  The 1:10 ratio again shows a thin film of zinc oxide 
particles but without the obvious polymer between the spheres.  As these samples were 
drop-cast, they are missing the third level of hierarchical roughness seen in the DuPont 
binder films, and these films are only one to two layers of spheres thick.  This may 
account for their low contact angles, especially with oleic acid (Table 1.2).  Finally, 
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PDMS does not have as low a surface energy as the DuPont fluoropolymer which can 
also give lower apparent contact angles for the PDMS films. 
 
Figure 2.15  SEM images of (top) surfaces and (bottom) cross-sections of (a and d) 1:10, 
(b and e) 1:1, and (c and f) 10:1 ZnO/PDMS drop cast films. 
 
A fluorinated PDMS was chosen as the binder to combine the ease of PDMS 
synthesis with the lower surface energy afforded by the fluorination.  This binder is also 
well understood and reproducible when compared to the DuPont fluoropolymer which is 
not only proprietary, but also no longer sold.  For both the sprayed and drop-cast samples, 
significantly higher contact angles were observed (Table 2.1); however, the polymer 
itself (without the additional surface roughness from the zinc oxide particles) is relatively 
hydrophobic with a contact angle greater than 120°.  n-Hexane was used as the solvent 
which made visibly more consistent films than the PDMS films sprayed with xylenes as 
the solvent. 
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Table 2.1  Contact Angles of Various Zinc Oxide-Coated Surfaces  
 
Particle Binder Application Method 
Contact Angle: 
Water (°) 
Contact Angle: 
Oleic Acid (°) 
D
up
on
t P
ol
ym
er
  
as purchased 
nanoparticles DuPont sprayed 170
* 155* 
5% ZnO DuPont sprayed 159* 135 
0.5% ZnO DuPont sprayed 148 143 
5% ZnO 
1% NaCl DuPont sprayed 159
* 162* 
5% ZnO 
1% NaCl DuPont drop-cast 171
* 124 
5% ZnO 
2% NaCl DuPont sprayed 151
* 144 
5% ZnO 
2% NaCl DuPont drop-cast 153
* 156* 
0.5% ZnO 
0.1% NaCl DuPont drop-cast 159
* 155* 
PD
M
S 
(x
yl
en
es
) 5% ZnO 10:1 PDMS drop-cast 117 60 
5% ZnO 1:1 PDMS drop-cast 136 38 
5% ZnO 1:10 PDMS drop-cast 132 39 
Fl
uo
ri
na
te
d 
PD
M
S 5% ZnO 1:1 FPDMS sprayed 146  
5% ZnO 1:2 FPDMS sprayed 137  
5% ZnO 1:10 FPDMS sprayed 152*  
5% ZnO 1:1 FPDMS drop-cast 147  
5% ZnO 1:2 FPDMS drop-cast 161*  
5% ZnO 1:10 FPDMS drop-cast 148  
*meets the criteria for superhygrophobicity (contact angle >150°) 
For a more consistent film, PDMS was tried again as the binder, but with 
n-hexane as the solvent (as opposed to xylenes).  The high vapor pressure of hexane 
allows for the majority of the solvent to vaporize before coming into contact with the 
substrate.  Thus, hexane-based slurries produce a more consistent film as was seen in the 
FPDMS films.  To further enhance the hygrophobicity of the samples, some of these 
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PDMS samples were coated with a layer of PTFE using a soluble PTFE, Teflon AF.  The 
PDMS samples were visually more consistent and were more reproducible as can be seen 
from the small standard deviation of contact angle after testing three different samples 
(Table 2.2).  So far, only as-purchased nanoparticles (as a control) were tested to 
optimize the binder system.  The 1:1 and 1:2 PDMS/ZnO uncoated samples are 
superhydrophobic but are oleophilic.  Adding the Teflon AF coating to the PDMS 
samples increased all of the contact angles, with the highest contact angles seen in the 1:2 
PDMS/ZnO coated sample with a water contact angle of 158° and an oleic acid contact 
angle of 139°. 
 
 Table 2.2  Contact Angles of Zinc Oxide-Coated Surfaces with and without Teflon AF 
 
Particle Binder Application Method 
Contact 
Angle: 
Water (°) 
Contact 
Angle: 
Oleic Acid (°) 
w/o 
Teflon 
AF 
nanoparticles 2:1 PDMS sprayed 130 ~0 
nanoparticles 1:1 PDMS sprayed 155* ± 2 60 ± 4 
nanoparticles 1:2 PDMS sprayed 155* ~0 
w/ 
Teflon 
AF 
nanoparticles 2:1 PDMS sprayed 114 81 
nanoparticles 1:1 PDMS sprayed 157* 74 
nanoparticles 1:2 PDMS sprayed 158* 139 
Control Teflon AF only none sprayed 146 75 
*meets the criteria for superhygrophobicity (contact angle >150°) 
 The differences in contact angles among the samples can be explained from the 
SEM images of the coated surfaces (Figures 2.16 and 2.17).  As with the 10:1 
PDMS/ZnO sample sprayed with xylenes, the 2:1 PDMS/ZnO sample sprayed with 
hexane shows very little detail from the ZnO spheres.  The 1:1 PDMS/ZnO sample 
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sprayed with hexane is a rougher surface, but the 1:2 PDMS/ZnO sample has the 
roughest surface and begins to show the self-similar hierarchical structure like that of the 
literature (Figure 2.5).38  The Teflon AF-coated samples are rougher than their uncoated 
counterparts.  In particular, the 1:2 PDMS/ZnO sample with the Teflon coating appears 
even more similar to the literature samples, and has both hierarchical structure and re-
entrant topology. 
 
Figure 2.16  SEM images of ZnO films using PDMS as a binder sprayed with hexane.  (a 
and d) 2:1, (b and e) 1:1, (c and f) 1:2 PDMS/ZnO ratio. 
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Figure 2.17  SEM images of ZnO films using PDMS as a binder sprayed with hexane 
and coated with Teflon AF.  (a and d) 2:1, (b and e) 1:1, (c and f) 1:2 PDMS/ZnO ratio. 
 
 
2.5  Conclusions 
Zinc oxide agglomerates of different sizes and roughnesses were easily and 
successfully made in a single-step, continuous process by using ultrasonic spray pyrolysis 
and an inert salt template (sodium chloride).  These microspheres can be introduced into 
a film, and some of the films are hydrophobic and even oleophobic (measured by a high 
surface tension organic compound, oleic acid).  Further study is required, and this project 
will be continued by graduate student Nitin Neelakantan. 
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CHAPTER 3 
HIGH SURFACE AREA IRON OXIDE MICROSPHERES 
 
3.1  Introduction 
3.1.1  Microstructured Iron Oxide Materials 
The controlled fabrication of nano- and microstructured materials has received 
much attention over the past decade owing to the unique chemical, electrical, magnetic, 
and optical properties of the structured material when compared to the bulk.  Due to its 
low price and abundance, low toxicity, biodegradability, and high chemical stability, iron 
oxide is an especially promising material which has been studied for use in applications 
such as photocatalysis,1-6 heavy metal removal,7,8 sensing,9-11 and energy storage.4,10-14 
Previously, high surface area iron oxides have been synthesized by using a 
template, such as polystyrene microspheres15 or copper nanowires,16 on which iron oxide 
or an iron oxide precursor is grown.  These templates can be expensive and are typically 
destroyed upon removal.  Nano- or microspheres of iron oxide with varying surface areas 
can be made by forced hydrolysis of an iron precursor in the presence of surfactants.17,18  
Iron oxide nanodiscs have been made using a controlled etching with oxalic acid.19  By 
far the most common method for producing iron oxide microspheres is the solvothermal 
method.6,7,9,20-26  Some of these reactions require harsh chemicals or expensive 
surfactants, while others try to minimize the environmental impact of production; 
however, all of these reactions are batch processes which take many days in a high 
pressure vessel, often with further work-up.  All of these methods are expensive (often 
prohibitively) and are difficult to scale-up for commercial production. 
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3.1.2  Iron Oxide as a Lithium-ion Battery Anode Material 
Lithium-ion batteries are ubiquitous in our modern society due to their relatively 
high energy density and cyclability.27-29  The archetypal lithium-ion battery consists of 
LiCoO2 (or similar LiMOx or LiM(PO4)x where common metals are Co, Mn, Fe, and their 
mixtures) as a cathode, a polyethylene or polypropylene separator, an organic electrolyte 
(LiPF6, LiBF4, or LiClO4 in mixtures of organic carbonates such as ethylene carbonate, 
dimethyl carbonate, and diethyl carbonate), and a graphite anode.  LiCoO2 and related 
cathodes have a layered structure, where the lithium can be removed following the half-
reaction: 
 LiCoO2  ⇄  Li1-nCoO2 + nLi+ + ne- (3.1) 
Graphite is also a layered structure, and lithium ions can be intercalated into the structure 
following the half-reaction: 
 6C + Li+ + e-  ⇄  LiC6. (3.2) 
However, graphite has a theoretical maximum capacity of 372 mAh/g, and thus, could be 
improved. 
It has been shown that nanostructured metal oxides can react reversibly with 
lithium ions via the displacement reaction:14 
 MOx + 2xLi+ + 2xe-  ⇄  xLi2O + M. (3.3) 
Theoretical capacities for many common metal oxides exceed the maximum theoretical 
capacity of graphite by as much as three-fold (Table 3.1).  As these materials are 
inherently poor conductors of electrons and lithium ions, the nanostructuring is necessary 
to obtain and maintain high capacities over many cycles.14,30,31  Hematite (α-Fe2O3) has 
one of the largest maximum theoretical capacities of all of the metal oxides, and it is also 
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inexpensive and abundant.  Thus, much work has been done to show the feasibility of 
nanostructured iron oxide materials as lithium ion battery anodes. 
Table 3.1  Maximum Theoretical Capacities of Metal Oxides 
 
Anode Material Fe2O3 Co3O4 SnO2 CdO PbO ZnO Cgraphite 
Maximum Theoretical 
Capacity (mAh/g) 1007 890 782 605 540 493 372 
 
3.1.3  Spiro-Saltman Ferritin Analogs 
It is well known that the acidic nature of aqueous Fe3+ salts allows them to be 
readily hydrolyzed upon the addition of a base.  The addition of a strong base such as 
sodium hydroxide causes rapid precipitation of brown amorphous FeOx(OH)y 
microparticles.  It was shown by Spiro and Saltman,32 however, that the addition of a 
weak base (e.g., potassium bicarbonate) to iron(III) nitrate solutions leads to a red, 
intensely colored solution of a high molecular weight iron polymer with the composition 
of [Fe(OH)x(NO3)3-x]n where x lies between 2.3 and 2.5 and n is on the order of 900 (Mr = 
140,000) (Figure 3.1).  If separated from the lower molecular weight species and the 
supporting electrolyte contained in the initially formed solutions, the polymer can be 
easily redissolved and is very stable in solution.  Transmission electron micrographs of 
the isolated polymer show discrete spheres (termed Spiro-Saltman balls) of 6-12 nm in 
diameter (median diameter of ~7 nm).  This material very closely resembles the iron 
hydroxide units found in ferritin and has been studied as a ferritin core analog.32,33 
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Figure 3.1  Photograph of solutions of iron(III) nitrate treated with (left) sodium 
carbonate, (center) nothing, and (right) sodium hydroxide.  Notice the deep red, 
translucent color of the sodium carbonate treated solution and the settled precipitate in 
the sodium hydroxide treated solution.  The sodium carbonate treated solution is stable 
for several weeks. 
 
3.2  Experimental Methods 
3.2.1  The USP Apparatus and Reaction Conditions 
The USP apparatus as described in 2.2.1 was used without modifications.  All 
reactions were performed using compressed air as a carrier gas flowing at 1 SLPM except 
where indicated.  The furnace temperature was 500 °C.  Product was collected in a series 
of five bubblers each containing ~50 mL DI water. 
 
3.2.2  Precursor Solution Preparation 
Iron(III) nitrate nonahydrate (Sigma-Aldrich, ACS reagent, >98%), iron(III) 
chloride hexahydrate (Sigma-Aldrich, reagent grade, >97%), sodium carbonate (Fisher 
Scientific, certified ACS, anhydrous), sodium bicarbonate (Fisher Scientific, certified 
ACS), sodium hydroxide (Fisher Scientific, certified ACS), sodium nitrate (Fisher 
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Scientific, certified ACS; Sigma-Aldrich, ACS reagent), sodium chloride (Mallinckrodt 
Chemicals, ACS), and conductive carbon (TIMCAL Super-P) were used as received. 
For non-reactive precursor solutions (those not including a base), appropriate 
amounts of materials were dissolved in DI water to make a 50 mL solution.  For reactive 
precursor solutions, an appropriate amount of iron salt was added to ~40 mL DI water.  
The base was then added which resulted in gas evolution and a solution color change 
from translucent yellow to cloudy brown.  For the weak bases (sodium bicarbonate and 
sodium carbonate), the solution eventually turned a translucent dark red (Figure 3.2).  To 
speed the reaction time and ensure reaction completion, the solution was sonicated and 
stirred until no more gas was evolved and (in the case of the weak bases) no visible 
particulates remained.  Finally, DI water was added to bring the solution volume to 50 
mL.  Precursor solution concentrations are shown in Table 3.2. 
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Table 3.2  Precursor Solutions and Reaction Conditions 
 Code Iron Precursor Base Miscellaneous 
 FN 0.2 M Fe(NO3)3 0.2 M Na2CO3  
C
on
tr
ol
s 
NB 0.2 M Fe(NO3)3 none 0.2 M NaNO3 
SB 0.2 M Fe(NO3)3 0.2 M NaOH  
FN-LF 0.2 M Fe(NO3)3 0.2 M Na2CO3 0.5 SLPM Ar 
FN-LC 0.02 M Fe(NO3)3 0.02 M Na2CO3  
N
itr
at
e/
C
hl
or
id
e 
M
ix
tu
re
s 
FNFC31 0.15 M Fe(NO3)3 0.05 M FeCl3 
0.2 M Na2CO3  
FNFC11 0.1 M Fe(NO3)3 0.1 M FeCl3 
0.2 M Na2CO3  
FNFC13 0.05 M Fe(NO3)3 0.15 M FeCl3 
0.2 M Na2CO3  
FC 0.2 M FeCl3 0.2 M Na2CO3  
A
nn
ea
le
d 
Sa
m
pl
es
 FN-300 0.2 M Fe(NO3)3 0.2 M Na2CO3 300 °C anneal 
FN-500 0.2 M Fe(NO3)3 0.2 M Na2CO3 500 °C anneal 
FN-900 0.2 M Fe(NO3)3 0.2 M Na2CO3 900 °C anneal 
 
3.2.3  Product Isolation, Washing, and Annealing 
The bubbler liquid was collected and centrifuged to separate out the powder 
product.  The product was then washed with DI water and centrifuged two to three more 
times before a final washing in ethanol and a final centrifugation.  Washing is necessary 
to remove any salt formed in the pores of the microspheres.  The still moist product was 
left to dry overnight to remove any remaining ethanol. 
Most samples were used as prepared; however, some samples were annealed.  
This was done in an open tube furnace at 300, 500, or 900 °C for 3 h. 
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3.2.4  Characterization 
3.2.4.1  Scanning Electron Microscopy 
Scanning electron microscope (SEM) images were obtained on a JEOL 7000F 
scanning electron microscope operating at 15 kV with a medium probe current and a 
working distance of 10 mm.  SEM samples of the microspheres were prepared by 
dispersing the microsphere powders in ethanol and drop casting onto a small silicon 
wafer (~5x5 mm) and allowing the ethanol to dry.  Samples were sputter coated with ~10 
nm of AuPd prior to analysis to prevent surface charging.   
 
3.2.4.2  Transmission Electron Microscopy 
Transmission electron microscopy (TEM) images were obtained on a JEOL 2100 
cryo microscope operating at 200 kV and equipped with a Gatan MatScan1kx1k 
progressive scan CCD camera.  TEM samples were prepared by dispersing samples in 
ethanol and dropping the slurry onto a lacy formvar/carbon copper grid (Ted Pella, 
#01881-F).  The sample was allowed to dry in air before analysis. 
 
3.2.4.3  Surface Area Measurements 
Nitrogen adsorption isotherms were measured at 77 K using a Quantachrome 
Nova 2200e surface area analyzer.  Samples were degassed under vacuum at 130 °C for 
at least 12 h before analysis.  Brunauer–Emmett–Teller (BET) surface areas were 
calculated using three-point isotherms (P/P0 = 0.1, 0.15, and 0.2) .  Micropore volumes 
and pore size distributions were calculated from full isotherms (0.005<P/P0<0.99)using 
the Horvath-Kawazoe (HK) method. 
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3.2.4.4  Powder X-ray Diffraction 
Powder x-ray diffraction (XRD) was performed on a Siemens-Bruker D5000 
diffractometer operating at 40 kV and 30 mA using Cu Kα radiation (λ = 1.5418 Å) with 
a step size of 0.05° and a scan rate of 1°/min.  A quartz “low background” holder was 
used for all measurements to reduce the background signal.  Diffraction peaks were 
indexed using the ICDD database and MDI Jade 9 software.  Crystallite size was 
calculated within the Jade 9 software which uses the Scherrer equation.  The crystallite 
size of the two largest peaks were determined and averaged. 
 
3.2.4.5  Elemental Analysis 
Bulk elemental analysis was performed by the University of Illinois School of 
Chemical Sciences Microanalysis Laboratory.  CHN analysis was performed using an 
Exeter Analytical, Inc. Model CE-440 CHN analyzer.  ICP-MS measurements for the 
determination of metal atoms and ions were performed using a Perkin-Elmer-Sciex Elan 
DRCe. 
 
3.2.5  Electrochemical Measurements 
3.2.5.1  Anode Preparation 
Graphite (MTI Coporation, battery grade), polyvinylidene fluoride (PVDF, MTI 
Corporation, battery grade), conductive carbon (TIMCAL Super-P), and 1-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%) were used as received.  For 
graphite anodes (as a control), a slurry of 80% graphite, 10% conductive carbon, and 
10% PVDF binder was made in NMP (~1 mL of NMP for every 80 mg of graphite).  For 
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iron oxide anodes, a slurry of 50% iron oxide, 40% conductive carbon, and 10% PVDF 
binder was made in NMP (~1 mL of NMP for every 50 mg of iron oxide).  The slurry 
was stirred overnight using a stir bar.  Copper foil (McMaster-Carr, 2 mil), was cut into 
strips ~1.5 cm in width and cleaned by submerging it in glacial acetic acid for ~1 min, 
rinsing with DI water, and patting it dry.  The strips were taped down on both sides using 
two strips of copper tape (Ted Pella, # 16072, foil thickness: 0.04mm, total thickness: 
0.07mm).  The slurry was added between the tape on the copper foil strip, and a razor 
blade was used to doctor blade the slurry into a smooth, consistent surface.  The tape was 
carefully removed, and the anode was placed under vacuum at 90 °C for at least 4 h.  
After drying, the anode was placed between two pieces of wax weigh paper and pressed 
in a vice at 2500 psi.  The copper strip was weighed before and after adding the electrode 
material to determine the total mass of iron oxide added for calculating charging rates. 
 
3.2.5.2  Electrochemical Cell Setup 
A custom glass electrochemical cell (designed by the Gewirth group at the 
University of Illinois at Urbana-Champaign) was used for all electrochemical 
measurements (Figure 3.2).  The cell consisted of a central tube (for the working 
electrode) connected to a side arm separated by a frit (for the reference electrode) and 
second side arm with a Luggin capillary (for the reference electrode).  Electrolyte was 
added to the glass cell, and the appropriate electrodes were inserted. 
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Figure 3.2  Schematic of the electrochemical cell used for galvanostatic measurements. 
 
3.2.5.3  Electrochemical Parameters 
The electrolyte solution used was 1 M lithium hexafluorophosphate (Strem 
Chemicals, 99+% Li, battery grade) in 1:1 v/v ethylene carbonate (EC, Sigma-Aldrich, 
anhydrous, 99%) and dimethylcarbonate (DMC, Sigma-Aldrich, anhydrous, >99%).  The 
working electrode was the anode, and the reference and counter electrodes were lithium.  
Care was taken to ensure that the electrolyte covered all of the active material on the 
copper foil current collector during testing.  Galvanostatic measurements were taken at 
0.2C (unless otherwise noted) from 0.01-2 V (for the graphite anodes) and 0.01-4 V (for 
the iron oxide anodes). 
 
3.3  Results and Discussion:  High Surface Area Iron Oxide Microspheres 
3.3.1  Control of Size and Crystallinity of Iron Oxide Microspheres 
From precursor FN (Table 3.2), spheres ~700 nm in diameter are formed (Figure 
3.3a).  TEM micrographs suggest the spheres are porous throughout (Figure 3.3b), and 
Working
(Anode Sample
on Cu Foil)
Counter (Li)Reference (Li)
Luggin
Capillary
Frit
ElectrolyteElectrolyte
77 
 
BET measurements confirm a high surface area of 301 m2/g and average pore radius of 
2.1 nm.  This surface area is as high as any yet recorded for an iron oxide material.  XRD 
confirms the presence of α-Fe2O3 with an average crystallite size of 7.1 nm (Figure 3.4).  
Elemental analysis confirms the removal of sodium (<1 wt%) and shows a stoichiometric 
excess of O to Fe (40.6 wt% and 59.4 wt%, respectively compared to the stoichiometric 
percentages of 30.1 wt% and 69.9 wt%, respectively).  As a control, particles were made 
from a precursor composed of only iron(III) nitrate and different amounts of the porogen 
sodium nitrate (sample NB).  Compared to the Spiro-Saltman-based spheres, the control 
spheres had similar surface areas but decreased crystallinity (Figure 3.4).  Conversely, by 
using a strong base (sample SB) in place of the weakly basic sodium carbonate or sodium 
bicarbonate to make the precursor solution, larger iron oxide particles were formed in the 
precursor solution resulting in slightly higher crystallinity (crystallite size of 11.6 nm) but 
lower surface area (206 m2/g). 
 
Figure 3.3  (a) SEM and (b) TEM images of FN, 0.2 M Fe(NO3)3 reacted with 0.2 M 
Na2CO3. 
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Figure 3.4  XRD diffractograms of (black) FN, (green) NB, and (blue) SB.  Hemitite 
peaks (red) are included as a reference (PDF#04-003-2900).   
 
Crystallite size can also be increased by pyrolyzing the precursor solution using a 
lower flow carrier gas (increasing the furnace residence time).  By halving the carrier gas 
flow rate to 0.5 SLPM (FN-LF), more crystalline material was made from the Spiro-
Saltman precursor with an average crystallite size of 15.4 nm (Figure 3.5). 
 
Figure 3.5  XRD diffractogram of FN-LF.  Hemitite peaks (red) are included as a 
reference (PDF#04-003-2900).   
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The average size of the spheres is easily tuned by changing the concentration of 
the precursors.  Spheres ~200 nm in diameter were synthesized by using precursor 
solution FN-LC (concentrations an order of magnitude smaller than that used for the 
other precursor solutions) (Figure 3.6a).  These smaller spheres have similar properties to 
those of the larger spheres.  Again, TEM suggests porosity throughout the entire particle 
(Figure 3.6b), and BET measurements confirm a similar surface area (294 m2/g) and 
average pore radius (1.7 nm).  Elemental analysis confirms the removal of sodium and 
shows a stoichiometric excess of O to Fe (54.1 wt% and 45.9 wt%, respectively). 
 
Figure 3.6  (a) SEM and (b) TEM images of FN-LC. 
 
3.3.2  Salt Mixtures:  Nitrates vs. Chlorides 
Other Fe3+ salts can also be used to prepare the Spiro-Saltman precursor.  
Precursor solution FC results in hollow, porous spheres (Figure 3.7e).  Here, the sodium 
chloride byproduct acts as a salt template.  When sodium nitrate is present in the 
precursor solution, it decomposes in the furnace yielding NOx gases, which act as 
porogens, and leaves behind sodium hydroxide as a salt template.34,35  The net result is 
porous, high surface area microspheres.  When sodium chloride is present in the 
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precursor solution, the salt template is a solid.  This is not the case for the sodium 
hydroxide remaining after sodium nitrate decompostion (MPNaCl = 801 °C and MPNaOH = 
318 °C).  The lack of the NOx gas porogen can account for the lower surface areas of the 
product formed with sodium chloride.  Particles with intermediate morphologies and 
surface areas are created by simply mixing different molar ratios of iron(III) nitrate and 
iron(III) chloride (Figures 3.7 and 3.8).  Thus, the surface area of the particles and the 
morphology (solid to hollow) can be easily tuned based on the iron precursor salts 
chosen.  Elemental analysis results show that a negligible amount of sodium remains for 
all samples, and XRD confirms that all spheres contain crystalline hematite. 
 
Figure 3.7  TEM images of (a) FN, (b) FNFC-31, (c) FNFC-11, (d) FNFC-13, and (e) FC 
showing the intermediate morphologies when mixing nitrate and chloride precursors. 
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Figure 3.8  Graph showing the relationship between the surface area and the ratio of 
iron(III) nitrate to iron(III) chloride in the precursor solution. 
 
3.4  Results and Discussion:  Iron Oxide Microspheres in Lithium-ion Batteries 
As a proof of concept, FN microspheres were tested as a Li-ion battery anode.  
Figure 3.9 shows the resulting charge capacities, discharge capacities, and efficiencies of 
10 cycles of a half-cell of the iron oxide-based working electrode versus a lithium counter 
electrode.  As with many iron oxide anode materials, there is a very large initial charge 
capacity usually attributed to surface electrolyte interface layer formation.36  Also like 
many iron oxide materials, the charge and discharge capacities diminish very quickly 
over only a few cycles, and reach an ultimate efficiency of just under 80% after 10 
cycles.  In an attempt to improve the cyclability and efficiency of these iron oxide 
materials, a large variety of iron oxide spheres were tested and their properties and 
electrochemical performance were compared to elucidate any trends.  Conductive carbon 
was added to the FN precursor solutions (0.4 and 0.08 g of Super-P).  This resulted in 
very low cyclability and efficiencies.  The spheres produced from FN-LF performed best 
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(highest efficiency and cyclability).  It appears that high surface area coupled with 
relatively high crystallinity is necessary for improved electrochemical performance.  To 
further test this hypothesis, some samples were annealed at 300, 500, and 900 °C for 3 h.  
While the 300 °C annealing temperature proved beneficial to electrochemical 
performance, the 500 and 900 °C annealing temperatures proved detrimental (Figure 
3.10).  The data indicates that a balance in crystallite size and porosity must be 
maintained. 
 
Figure 3.9  Specific (red) charge and (blue) discharge capacities over ten cycles for a 
lithium-ion battery half-cell using FN microspheres as the active material.  The (green) 
efficiency is also included.  
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Figure 3.10  Graphs of specific (red) charge and (blue) discharge capacities for FN, FN-
300, FN-500, and FN-900 over three cycles.  Surface areas of the four materials are given 
in the titles of the graphs. 
 
Finally, the surface chemistry of the iron oxide spheres may greatly affect the 
electrochemical performance of these materials.  It is already known by elemental 
analysis that the iron oxide microspheres contain a stoichiometric excess of oxygen.  
Follow-up studies should include XPS analysis of the different iron oxide spheres and 
more controlled annealing environments in either inert or reducing environments to 
determine the effect of surface oxygen on the electrochemical performance of the 
microspheres. 
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3.5  Conclusions 
Highly porous iron oxide spheres of a variety of morphologies and sizes can be 
produced from simple and inexpensive precursors using a continuous, industrially 
scalable process.  These materials can have surface areas as high as any previously made 
iron oxide material, yet they are made using simple salt and gas templates/porogens.  The 
crystallinity of the material can be controlled through either the base used or the furnace 
residence time. Unfortunately, these materials show only limited promise as lithium-ion 
battery anode materials. 
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CHAPTER 4 
POROUS CARBON MICROSPHERES 
 
4.1  Introduction 
4.1.1  Porous Carbons 
Porous carbon materials (often termed “activated carbon”) are of interest in many 
applications due to their high surface areas and other physicochemical properties.  They 
are well known as an adsorbent in many air or water purification systems.  Industrial 
wastewater is often treated using activated carbons to remove contaminants1-4 such as 
pesticides,5 dyes,6 and other organic chemicals7-9 as well as heavy metals3 (e.g., 
cadmium, chromium, mercury, arsenic, and lead).  Many household filtration systems 
contain activated carbons (e.g., Pur and BRITA brand systems) to remove unpleasant 
odors or tastes.  Porous carbons can be used to scrub contaminants from indoor air and 
industrial exhaust.10,11  Porous carbons are also used to remove carbon dioxide from flue 
gas streams and hydrogen gas from methane reforming and water gas shift 
reactions.  They have even been considered for hydrogen storage.12-17 
 Many electrochemical applications can be enhanced using porous 
carbons.  Lithium-ion batteries often use graphite as the anode, and a high surface area 
carbon allows for enhanced lithium-ion transfer (faster charge or discharge),18,19 although 
this is at the cost of decreased capacity as the increased surface area leads to greater 
surface-electrolyte interface (SEI) layer formation.  Other lithium-ion battery anode 
materials (e.g., silicon or tin oxide) have a large expansion upon intercalation of lithium 
ions which causes capacity fading after multiple cycles as the large volume change 
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deteriorates the material.  A composite of the anode material with porous carbon as a 
support can minimize this capacity fading with limited decrease in the total capacity of 
the battery.20-23   Porous carbons are routinely seen in double layer capacitors and 
supercapacitors,18,24 and are also used in the electrodes of direct methanol fuel cells to 
allow greater access to the catalytic reaction sites.25,26 
 
4.1.2  Morphology Control 
 For many applications of porous carbons, the average pore size and pore size 
distribution are important.27  To control the morphology, different templates have been 
used, including silica,28-30 alumina,31,32 and block copolymers.33-35  These templates can 
be expensive and require heating (to burn away the template) or harsh chemical 
treatments (to dissolve the template).  The HF and NaOH treatments commonly used to 
remove silica and alumina templates also leave behind caustic waste.  Several aerosol 
methods have been used to create porous carbons, notable of which are the salt-assisted 
methods which can produce carbons with a large variety of morphologies, surface areas, 
and pore size distributions.  The Suslick group has synthesized porous carbons from three 
different sources:  halocarboxalates (Figure 4.1),36 alkali propiolates (Figures 4.2 and 
4.3),37 and sucrose (Figure 4.4).38  Each precursor type can yield carbons of different 
morphologies depending on the salts present (either added directly to the precursor 
solution or created in situ in during pyrolysis) and other parameters (e.g., furnace 
temperature and flow rate).  The final morphologies can be explained using 
thermogravimetric analysis data and the furnace temperature.  Different melting and 
decomposition temperatures of the salts or salt mixtures lead to different 
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morphologies.  However, the morphology can only be rationalized after the fact, and a 
clear, predictive understanding of these systems has not yet been fully realized. 
 
Figure 4.1  SEM images of porous carbons produced from 1.5 M aqueous solutions of 
(A) lithium chloroacetate, (B) sodium chloroacetate, (C) potassium chloroacetate, (D) 
lithium dichloroacetate, (E) sodium dichloroacetate, and (F) potassium dichloroacetate 
pyrolyzed at 700 °C.36 
 
 
Figure 4.2  SEM and TEM images of porous carbons produced from 1.0 M aqueous 
solutions of (A and D) lithium propiolate, (B and E) sodium propiolate, and (D and F) 
potassium propiolate pyrolyzed at 700 °C.37 
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Figure 4.3  SEM and TEM images of porous carbons produced from 1.0 M aqueous 
solutions of mixtures of propiolate salts:  (i) lithium propiolate and sodium propiolate in a 
(A and C) 1:3 ratio and (B and D) 3:1 ratio; (ii) lithium propiolate and potassium 
propiolate in a 3:1 ratio.37 
 
 
Figure 4.4  TEM images of porous carbons produced from aqueous solutions of 0.5 M 
sucrose and (A) 1.0 M sodium carbonate, (B) 0.5 M sodium carbonate, (C) 0.1 M sodium 
carbonate, (D) 1.0 M sodium bicarbonate, (E) 0.5 M sodium bicarbonate, and (F) 0.1 M 
sodium bicarbonate pyrolyzed at 800 °C.38 
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4.1.3  Porous Carbons as Catalyst Supports 
Porous carbons can be used as catalyst supports.  They are resistant to acidic and 
basic media and are stable at high temperatures (in an oxygen-free environment).  They 
can also be relatively inexpensive compared to other supports such as alumina, silica, and 
zeolites.  Supporting a catalyst in a heterogeneous system often allows for a larger active 
surface area, improved heat dissipation, and increased resistance to catalyst poisoning 
and sintering.  A large variety of metals and metal oxides have been incorporated into 
porous carbons such as gold,39-48 silver,39,49-51 cobalt,52,53 and iron oxide.54-58 
Iron is of special interest in porous carbons due to its high availability and low 
cost.  Specifically, it has been shown that Fe/N/C materials (either from porphyrin-based 
precursors or simpler iron salts and ammonia) can be competitive with platinum as an 
oxygen reduction catalyst in fuel cells.59 
 
4.1.4  Fuel Cell Catalysts 
A fuel cell is a device that converts the chemical energy of a fuel into electricity 
by oxidizing the fuel and reducing an oxidant.  As an archetypal fuel cell, the 
hydrogen/air fuel cell consists of an anode (usually platinum) and a cathode separated by 
a separator/electrolyte (most commonly Nafion).  While a variety of fuels are used 
(notably hydrogen, methanol, ethanol, and formic acid), the typical oxidant is oxygen 
and, thus, the oxygen reduction reaction (ORR) has been heavily studied.60-62  The four-
electron reduction of oxygen to water is 
 O2 + 4e- + 4H+ → 2H2O, E° = 1.23 V. (4.1) 
A catalyst which favors the four-electron reduction of oxygen over two two-electron 
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steps prevents the formation of hydrogen peroxide which has been shown to damage the 
catalysts, separators, and electrolytes.61  Currently, platinum is one of the most efficient 
catalysts for this reaction, but the slow kinetics of the ORR necessitates using more 
platinum than is economically feasible.  As a less expensive alternative, it was discovered 
that cobalt phthalocyanine catalyzes the ORR.63  Since then, other porphyrin complexes 
have been studied as cheaper alternatives to platinum or its alloys, and it has been shown 
that pyrolyzed porphyrins and carbon materials which contain nitrogen and iron (whether 
from the decomposition of iron porphyrins or other precursors) can be competitive with 
platinum.59  While theories of the structure of the catalyst abound, the details are still 
unknown. 
 
4.2  Experimental Methods 
4.2.1  USP Apparatus and Reaction Conditions 
The USP apparatus as described in 2.2.1 was used without modification.  Argon 
was used as an inert carrier gas at 1 SLPM.  Furnace temperatures ranged from 600-850 
°C.  Product was collected in a series of five bubblers each containing ~50 mL DI water. 
 
4.2.2  Precursor Solution Preparation 
Sucrose (EMD Chemicals, ACS grade), sodium nitrate (Fisher Scientific, certified 
ACS; Sigma-Aldrich, ACS reagent), sodium chloride (Mallinckrodt Chemicals, ACS), 
iron nitrate nonahydrate (Sigma-Aldrich, ACS reagent, >98%), potassium ferricyanide 
(Sigma-Aldrich, 99%), and ironIII(protoporphyrin IX) chloride (hemin, Aldrich, bovine) 
were used as received.  Appropriate amounts of each reactant were dissolved in DI water 
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to make 25 or 50 mL precursor solutions.  To dissolve the hemin, solutions were made 
basic with the addition of 1.0 M ammonium hydroxide.  Before starting the reaction, the 
furnace was allowed to come to temperature with the argon gas flowing to purge the 
system of air.  The precursor solution was then added through a rubber septum via 
syringe (to minimize the introduction of oxygen), and the piezoelectric transducer was 
turned on. 
 
4.2.3  Product Collection and Washing 
After all of the precursor solution had nebulized or a sufficient amount of product 
had been collected, the transducer was turned off, and any remaining aerosol was allowed 
to flow through the furnace.  The furnace was then turned off, and the DI water and 
product in the collection bubblers was collected and centrifuged.  The product was then 
washed with a 1:1 v/v ethanol/water solution 3-4 times to remove any salt from the 
product and dried overnight under vacuum at 60 °C. 
 
4.2.4  Characterization 
SEM, TEM, BET surface area measurements, elemental analysis, and XRD were 
performed as described in Section 3.2.4. 
 
4.2.5  Fuel Cell Catalyst Testing 
All fuel cell catalyst testing was performed by Claire E. Tornow from the Gewirth 
group at the University of Illinois at Urbana-Champaign.  Catalyst inks containing the 
iron/carbon microspheres or control samples (1.0 mg/mL) and Nafion solution (4 μL/mL, 
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5 wt%, Aldrich) were prepared in a 5% butanol-water mixture and sonicated prior to 
electrode preparation.  A 20 μL drop of the catalyst ink was deposited on a rotating ring-
disk electrode (Pine Instruments) comprised of a polished (0.05 μm alumina) glassy 
carbon disk electrode (0.196 cm2) with a platinum ring. 
 Electrochemical measurements were made using a bipotentiostat (CH 
Instruments).  The electrochemical cell consisted of a platinum gauze counter electrode 
and a “no-leak” Ag/AgCl reference electrode (Cypress) separated from the working 
electrode by means of a Luggin capillary.  The reference electrode was calibrated to the 
RHE scale by saturating the cell with H2 and measuring the open circuit potential at the 
platinum ring electrode.   Onset voltage was determined at j = -0.75 mA/cm2 versus RHE. 
 
4.2.5.1  USP Carbon Preparation 
 USP carbons were prepared by Dr. Ho “Howard” Kim, a former member of the 
Suslick group at the University of Illinois at Urbana-Champaign.  The three types of 
carbons were prepared using USP.  The precursor solutions were 1.0 M lithium 
dichloroacetate (USP-C1), 1.0 M sodium carbonate and 0.5 M sucrose (USP C-2), and 
0.25 M potassium propiolate and 0.75 M lithium propiolate (USP C-3) in DI water.  The 
nebulized droplets were carried through the 800 °C furnace with 1 SLPM argon.  All 
USP carbons were washed to remove remnant salt. 
 In 10 mL concentrated sulfuric acid, 20 mg of iron phthalocyanine and 0.5 g of 
the carbon were mixed.  This suspension was poured into water, and the solids were 
collected by vacuum filtration and dried at 90 °C under vacuum.  The solids were placed 
in a furnace under 1 SLPM argon flow, and the furnace temperature was raised to 800 °C 
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in a 10 min ramp, held for 20 min, and cooled to RT (~3 h).  This treatment was 
performed by Claire E. Tornow from the Gewirth group at the University of Illinois at 
Urbana-Champaign, and is similar to the method used for making other Fe/N/C materials 
from Vulcan XC-72.64,65 
 
4.3  Results and Discussion:  Effect of Salt on Carbon Microsphere Morphology 
4.3.1  Sodium chloride versus sodium nitrate 
As a relatively simple salt-assisted system, sucrose-based USP carbons with 
sodium chloride and sodium nitrate were studied.  All precursor solutions used contained 
0.5 M sucrose and 1.0 M salt, but different ratios of sodium chloride and sodium nitrate 
were prepared.  Specifically, precursor solutions containing only sodium chloride, only 
sodium nitrate and ratios of 4:1, 1:1, 1:4 sodium chloride/sodium nitrate were prepared 
and pyrolyzed at 700, 800, and 900 °C.  All precursor solutions gave microporous 
spheres of ~700 nm in diameter except for the precursor solution containing only sodium 
chloride (Figure 4.5).  It is known that for the sucrose-based system, the sodium nitrate 
decomposes at ~600 °C and forms sodium hydroxide which acts as a base to catalyze the 
decomposition of sucrose to carbon.38,54,66  This shifts the reaction equilibrium toward the 
formation of carbon and away from the gaseous byproducts of CO and CO2.  For the 
sodium chloride-only sample, very little sample was made and the majority of the sample 
was loose collection of carbon nanoparticles instead of well-defined microspheres.  It is 
likely that, without the sodium nitrate, the decomposition products were shifted away 
from carbon formation and the droplets were composed primarily of sodium chloride, 
preventing the densification of the small amount of carbon produced.  
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The TEM images highlight the differences in morphology among the different 
microspheres (Figure 4.5).  Sodium nitrate only and 1:4 ratio spheres have a denser 
particle interior.  The 1:1 ratio and 4:1 ratio spheres appear hollow with the 1:1 
microsphere containing mostly one central void surrounded by a then shell, and the 4:1 
ratio spheres containing many (~3-8) central voids.  It can be seen that the reaction 
temperature has little to no effect on the morphology of the carbon spheres, and that the 
salt ratio is the important factor. 
One hypothesis for understanding the effect of salt mixtures on morphology was 
initially that the phase of the templating salt dictates the morphology.  Liquid templates 
should produce different structures than solid templates.  However, no obvious 
morphology changes occur when crossing the phase diagram lines of the calculated 
NaCl/NaNO3 system (Figure 4.6).  This is also true when using the NaCl/NaOH phase 
diagram (as the NaNO3 decomposes to form NaOH).  Thus, it appears that for the 
NaCl/NaNO3 system, the ratio of the salts completely dictates the morphology regardless 
of the theoretical phase of the salts during pyrolysis. 
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Figure 4.5  TEM images of carbons produced from sucrose, sodium chloride, and sodium 
nitrate (1:0, 4:1, 1:1, 1:4, or 0:1 sodium chloride/sodium nitrate) at 600, 700, or 800 °C.  
The blue and orange outlines correspond to the blue and orange points, respectively, in 
the phase diagram in Figure 4.6. 
 
 
Figure 4.6  Phase diagram of the sodium chloride/sodium nitrate system.  Dashed lines 
show the temperatures used in these experiments; dotted lines show the salt ratios used.  
Colors correspond to the reaction conditions of the TEM images in Figure 4.5.  Figure 
adapted from computed phase diagram available online from the Facility for the Analysis 
of Chemical Thermodynamics (FACT) Salt Phase Diagrams database 
(www.crct.polymtl.ca/fact/). 
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Initially, the NaCl/NaNO3/sucrose system was chosen as a “simple” system due to 
the one carbon source and mixing of common sodium salts; however, it is understood that 
the sucrose and sodium nitrate decompose to form a copious amount of gas which also 
acts to form pores and dictate morphology.38,54  It is likely, then, that the reactive nature 
of the sodium nitrate produces an effect on the morphology of the carbon microspheres 
that outweighs any effect the phase of the salt template might have had on the 
morphology.  Further studies with two inert salts (e.g., NaCl and KCl) should be 
conducted to determine if this is the case. 
Another explanation for the lack of morphology dependence on phase is that the 
templating of the carbon may mostly occur at a lower temperature.  For example, if the 
sucrose mostly decomposed at 600 °C, the template that the sucrose “sees” would be the 
salt at 600 °C and the final furnace temperature would have limited effect on the 
morphology of the carbon. 
Finally, the phase diagram of the NaCl/NaNO3 is inaccurate as it is a calculated 
phase diagram.  While NaNO3 melts at ~310 °C as shown in the phase diagram, it will 
slowly decompose in air above 600 °C and between 600 and 750 °C will be in 
equilibrium with NaNO2 depending on the partial pressure of oxygen.66  Without 
knowing the effect of the presence of sucrose, NaCl, or water on the decomposition of 
NaNO3, the calculated phase diagram becomes an even less accurate predictor of phase. 
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4.4  Results and Discussion:  Iron in Carbon Microspheres as Fuel Cell Catalysts 
 Iron can be added to the sucrose/sodium nitrate-based carbon microspheres with 
the simple addition of an iron precursor to the precursor solution as has previously been 
shown with iron nitrate and iron chloride.54  Other Fe/N/C microspheres were synthesized 
from the sucrose/sodium nitrate system with the addition of potassium ferricyanide and 
hemin.  All three types of Fe/N/C microspheres were created using furnace temperatures 
of 700, 800, and 850 °C.  Solutions of 0.5 M sucrose and 1.0 M sodium nitrate with 0.2 
M iron nitrate, 0.2 M iron ferricyanide, or 0.01 M hemin were used as precursor 
solutions.  The microspheres produced at 700 °C appear similar to the carbon 
microspheres without iron (microporous exterior, macroporous interior) except iron 
nanoparticles are visible in the TEM images (Figure 4.7).  The surface areas of the iron 
nitrate-based and potassium ferricyanide-based samples are modest (537 m2/g and 383 
m2/g, respectively) while the surface area of the hemin-based sample has a relatively low 
surface area (96 m2/g) indicative of little microporosity in the hemin-based 
sample.  Samples prepared at 800 °C appear similar to the 700 °C samples from TEM and 
SEM images (Figure 4.8), but the surface areas are greatly enhanced over the 700 °C 
samples (Table 4.1), which is likely due to an increase in microporosity as more CO and 
CO2 gas is produced at higher temperatures.  This trend is similar to that of the carbon-
only microspheres discussed in Section 4.3 and elsewhere.38  Finally, at 850 °C, the iron 
nanoparticles have grown larger, and the materials are much less uniform in nature 
(Figure 4.9) with very little product being formed from the hemin precursor solution.  It 
is understood that the carbon decomposition is catalyzed by either an acid or base,38,54 
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and the necessity of a strong base in the hemin solution may catalyze the decomposition 
of the carbon too well, forming mostly CO and CO2 instead of carbon. 
 
 
Figure 4.7  SEM and TEM images of porous carbon microspheres formed at 700 °C with 
(A and D) iron nitrate, (B and E) iron ferricyanide, and (D and F) hemin as the iron 
precursor. 
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Figure 4.8  SEM and TEM images of porous carbon microspheres formed at 800 °C with 
(A and D) iron nitrate, (B and E) iron ferricyanide, and (D and F) hemin as the iron 
precursor. 
 
 
Figure 4.9  SEM and TEM images of porous carbon microspheres formed at 850 °C with 
(A and D) iron nitrate, (B and E) iron ferricyanide, and (D and F) hemin as the iron 
precursor. 
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Table 4.1  Surface Areas of Fe/N/C Microspheres 
 Fe(NO3)3 K3[Fe(CN)6] Hemin 
700 °C 537 m2/g 383 m2/g 96 m2/g 
800 °C 625 m2/g 869 m2/g 760 m2/g 
850 °C 497 m2/g 548 m2/g * 
 *insufficient sample to test 
Polarization curves of the various Fe/N/C microspheres show that all of the 
samples perform better than Vulcan alone (higher onset potential), but fall short of 
competing with platinum (Figure 4.10).  All samples also had lower onset potentials 
when compared to the Fe/N/C material formed from the pyrolysis of iron phthalocyanine 
on Vulcan XC-72 (0.590-0.887 V, depending on conditions) as reported by Gewirth and 
coworkers64,65 (Table 4.2).  Interestingly, no obvious correlation can be made between the 
catalytic performance and the iron precursor (Figure 4.11), the furnace temperature 
(Figure 4.12), or the surface area (Figure 4.13).  As none of the samples reached the 
diffusion limited current density, the nature of the reduction occurring (i.e., whether it is 
four-electron or two-electron) cannot be assessed.  The highest onset potential (0.53 V) 
was seen with the hemin-based sample pyrolyzed at 800 °C. 
105 
 
 
Figure 4.10  Polarization curves in 0.1 M HClO4 of porous Fe/N/C microspheres formed 
from (green) potassium ferricyanide, (blue) iron nitrate, and (red) hemin produced using a 
furnace temperature of 700, 800, or 850 °C.  The polarization curves of (black) Vulcan 
and (grey) Pt/C are included as references.  The dashed line marks the current density at 
which the onset potential is measured (j = -0.75 mA/cm2). 
 
Table 4.2  Onset Potential* of Fe/N/C Microspheres 
 Fe(NO3)3 K3[Fe(CN)6] Hemin 
700 °C 0.34 V 0.30 V 0.46 V 
800 °C 0.44 V 0.33 V 0.53 V 
850 °C 0.38 V 0.40 V 0.15 V 
*Onset potential taken at j = -0.75 mA/cm2 
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Figure 4.11  Polarization curves in 0.1 M HClO4 of porous Fe/N/C microspheres versus 
furnace temperature:  (red) 850, (black) 800, and (blue) 700 °C.  The dashed line marks 
the current density at which the onset potential is measured (j = -0.75 mA/cm2). 
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Figure 4.12  Onset potential versus surface area for carbons formed from (blue squares) 
iron nitrate, (green circles) potassium ferricyanide, and (red triangles) hemin. 
 
To understand why the USP Fe/N/C materials do not perform as well as other 
Fe/N/C materials, USP synthesized carbon-only samples were treated with the iron 
phthalocyanine and pyrolyzed as Vulcan XC-72 was.65  Polarization curves of the 
materials show that the iron phthalocyanine-treated carbons performed worse than both 
the iron phthalocyanine-treated Vulcan and Pt/C (Figure 4.13).  Thus, it is likely that the 
carbon support itself may be the cause of the poor performance in the USP Fe/N/C 
materials and not the environment of the Fe or N atoms.  These materials all have very 
different morphologies than that of Vulcan (Figure 4.14), and they have been shown to 
have a large percentage of surface oxygen present in various functional groups (Table 
4.3).67  Thus, an oxygen-free Fe/N/C material prepared by USP may have a higher onset 
potential and be competitive with platinum as an oxygen reduction catalyst. 
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Figure 4.13  Polarization curves in 0.1 M HClO4 of (purple) USP-C1, (teal) USP-C2, and 
(orange) USP-C3 (solid) treated with iron phthalocyanine or (dashed) untreated.  For 
reference, (grey) Pt/C and (red) the hemin-based sample pyrolyzed at 800 °C are also 
included. 
 
 
Figure 4.14  SEM and TEM images of carbons prepared by the USP of (a and d) lithium 
dichloroacetate, (b and e) sucrose and sodium carbonate, and (c and f) potassium 
propiolate and lithium propiolate.67 
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Table 4.3  Surface Oxygen in USP Carbons67 
  Oxygen Functional Groups 
 Surface O 
(at%) 
Carboxylic Acid 
(%) 
Carbonyl 
(%) 
Vinyl Alcohol 
(%) 
Ether 
(%) 
USP-C1 5 15 80 0 5 
USP-C2 12 42 44 10 4 
USP-C3 12 39 40 12 9 
 
4.5  Conclusions 
A large variety of morphologies of carbon particles can be easily made using the 
salt-assisted ultrasonic spray pyrolysis method.  The ratio of the reactive nitrate salt with 
the inert chloride salt fully dictates the morphology of the carbon particles regardless of 
the phase of the salt mixture or furnace temperature.  Iron-containing carbon 
microspheres show improved performance as a fuel cell catalyst over Vulcan alone, but 
are not competitive with platinum or other Fe/N/C materials. 
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CHAPTER 5 
MAGNETIC POROUS MICROSPHERES 
FOR IMAGING, HYPERTHERMIA, AND CONTROLLED DRUG RELEASE 
 
5.1  Introduction 
5.1.1  Magnetism 
 This section gives a brief overview of magnetism and, specifically, magnetism in 
nanoscale materials.  The chapter titled Magnetism in Nanoscale Materials in Chemistry1 
was referenced extensively, and should be sought out for more detailed information on 
this subject. 
All matter is affected by a magnetic field.  For most materials, with fully paired 
electrons, an external magnetic field (e.g., from an electromagnet, often denoted as H and 
called the magnetizing field) will induce a very weak magnetic field (M, the 
magnetization) in the material which opposes the applied magnetic field (Lenz’s law).  
Thus, any permanent magnet or active electromagnet will induce in every material a 
repulsive force.  This repulsion increases with increasing external magnetic field, but it is 
a very small effect and only very strong magnets can have a noticeable effect on 
everyday objects (e.g., a 16 T field can levitate a small frog with no long term 
effects2,3).  Materials which only show this type of magnetism (termed diamagnetism) are 
called diamagnets. 
If there are unpaired electrons in a material, the spin of the electron will align with 
H and an attractive force will be felt between the material and the source of the magnetic 
field.  This is termed paramagnetism, and the attraction will increase with increasing 
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magnetic field.  Like diamagnetism, this is a relatively small effect; however, for most 
paramagnetic materials, the effect of the paramagnetism is so much larger than the effect 
of diamagnetism that the diamagnetism of most materials is assumed negligible. 
For some materials, the unpaired electrons have a cooperative effect and align 
themselves with one another in magnetic domains (analogous to crystalline domains in 
crystal lattices).  These materials are termed ferromagnets after the archetypal 
ferromagnet, iron.  The net magnetic dipole of a ferromagnet is zero when the domains 
are randomly oriented; however, in the presence of an external magnetic field, M will 
increase appreciably even at relatively low H as the domains which are aligned with H 
grow and rotate into the direction of H until all of the unpaired electrons are pointing in 
the direction of H (Ms, magnetic saturation).  Because of the energy necessary to move 
the domains and reform domain boundaries, a hysteresis occurs when H is reversed back 
to zero, and the ferromagnet maintains a magnetic dipole (Mr, remnant magnetization) 
becoming a permanent magnet.  Continuing H in the opposite direction will gradually 
bring the magnetization of the sample back to zero.  The field strength at which this 
occurs is called the coercivity (Hc) (Figure 5.1a). 
 
 
119 
 
 
Figure 5.1  (a) A stereotypical M-H curve of a ferro- or ferrimagnet.  The initial curve is 
a dotted line.  The magnetic  saturation (Ms) is shown by the dashed line asymptote, and 
the (orange) remnant magnetization (Mr) and (blue) coercivity (Hc) are labeled.  (b) 
Stereotypical M-H curves for a (red) superparamagnet, (green) paramagnet, and (blue) 
diamagnet.  All of these curves show no hysteresis and zero Mr and Hc.  The paramagnet 
and diamagnet slopes are exaggerated for visibility.  Superparamagnetic effects can be 
orders of magnitude larger than paramagnetic effects which in turn are orders of 
magnitude larger than diamagnetic effects. 
 
In some materials, the unpaired electrons are aligned such that neighboring 
electrons have opposite spins.  These materials are termed antiferromagnets.  The 
majority of permanent magnets are not ferromagnetic, but, like antiferromagnets, have 
spins coupled in an alternating fashion; however, the magnetic moment of the anti-
aligned spins are not equivalent, and one direction dominates, making a material which 
behaves as a ferromagnet though it is technically different.  These are ferrimagnets 
(Figure 5.2).  A common class of ferrimagnets is the ferrites, mixtures of metal oxides 
and Fe2O3.  Many ferrites form in the spinel or inverse spinel structure and have a general 
form of MIIOFeIII2O3.  Common ferrimagnetic ferrites include MnFe2O4 (jacobsite), 
NiFe2O4 (trevorite), CoFe2O4, ZnFe2O4 (franklinite), Fe3O4 (magnetite or lodestone, 
essentially an iron ferrite), and mixtures such as NixZn1-xFe2O4.   For the sake of brevity, 
H
M
Hc
Mr
H
M
Ms
Ferromagnet
Ferrimagnet
Superparamagnet
Diamagnet
Paramagnet
(a) (b)
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many texts use the term ferromagnetism to refer to both ferro- and ferrimagnetism as they 
behave similarly and it can be difficult to experimentally distinguish between the two.  
The remainder of this text will do the same. 
 
Figure 5.2  Schematic of the electron spins in ferromagnetic, antiferromagnetic, and 
ferrimagnetic materials. 
 
For ferromagnets, there is a temperature above which the energy necessary for 
domain boundary motion and spin alignment is overcome by thermal energy (kT).  This is 
called the Curie temperature.  Above the Curie temperature, ferromagnets have 
paramagnetic behavior. 
For very small ferromagnetic materials, it is no longer energetically favorable for 
the particle to break into different magnetic domains, and, instead, each particle has one 
domain only.  Estimated single-domain size limits for spherical particles of different 
substances are given in Table 5.1.  At small enough particle volume, the domain 
orientation can become uncoupled from the particle due to kT.  The result is a material 
which behaves like a paramagnet but is much stronger, and, thus, is termed a 
superparamagnet.  A superparamagnet is very strongly affected by H but has no magnetic 
hysteresis, zero Mr, and zero Hc (Figure 5.1b).  Thus, in a strong external magnetic field, 
a superparamagnet has a strong dipole, but in the absence of an external magnetic field, a 
superparamagnet has no net magnetic dipole.  This “switchable magnet” can be 
especially useful for biological applications, as will be discussed in the following 
Ferromagnetic Antiferromagnetic Ferrimagnetic
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sections.  The property of superparamagnetism is time-dependent as it depends on the 
kinetics of the domain flip; however, for standard experiments (~100 s) rough size limits 
of superparamagnetism can be calculated (Table 5.1). 
 
Table 5.1  Single-domain and Superparamagnetic Size Limits for Spherical Particles 
Material Fe Co Ni Fe3O4 γ-Fe2O3 
Single Domain 
Particle Diameter Limit1 14 nm 70 nm 55 nm 128 nm 166 nm 
Superparamagnetic 
Particle Diameter Limit 
(T = 300 K)* 
13 nm 6 nm 28 nm 21 nm 28 nm 
*calculated from first order magnetocrystalline anisotropy values1,4 
assuming experiment time scale ≈ 100 s 
 
5.1.2  Biological Imaging Contrast Agents 
5.1.2.1  Optical Coherence Tomography 
 In optical coherence tomography (OCT), near-IR light is transmitted through an 
opaque sample and the reflectivity of the sample is measured interferometrically 
(essentially, optical sonar).  Materials which are of a different density than the 
surrounding material will reflect light differently giving contrast to the processed image.  
Air-filled or oil-filled protein microspheres5,6 or liposomes7 have been used as scattering 
contrast agents for OCT.  Spectroscopic OCT, which measures the wavelength-
dependence of the scattered light, can be enhanced using contrast agents with narrow 
absorption bands from surface-plasmon resonance (e.g., gold nanorods).8 
 In a sinusoidal magnetic field, magnetic particles will vibrate, changing the signal 
seen in OCT.  By subtracting OCT images obtained when the field is on and off, the 
location of the magnetic motion can be highlighted.9,10  This technique, termed 
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magnetomotive OCT (MM-OCT) can be modified to determine the natural resonant 
frequencies of the particle-laden tissue.  Thus, MM-OCT can be used to determine the 
elastic modulus of tissue.11  A recent review by John9 provides further details on the 
variety of modalities of MM-OCT.  Any biocompatible magnetic particle could 
potentially be used in MM-OCT to gain information of the surrounding tissue or to track 
to the particles in a system. 
 
5.1.2.2  Magnetic Resonance Imaging 
 Magnetic resonance imaging (MRI) has revolutionized the medical field by 
allowing physicians to “see” in vivo a number of structures in the human body.  MRI is 
based on nuclear magnetic resonance of hydrogen atoms in a biological sample.  Using 
different pulse sequences of a static and transverse RF magnetic field, the magnetic spin 
of the hydrogen nuclei can be probed, and the relaxation of the nuclei can be studied to 
determine the nature of the protons’ surroundings.12,13  Altering the pulse sequences of 
MRI has led to the development and use of a variety of modalities; however, the use of 
contrast agents can also be very effective.  Any materials which significantly change the 
relaxation times of the excited nucleons produce contrast.  Superparamagnetic iron oxide 
nanoparticles14,15 and gadolinium compounds16,17 have been used for many years as 
contrast agents for MRI.  Other superparamagnetic may prove equally effective.  
Alternatively, superparamagnetic particles could be tracked in a biological system using 
MRI. 
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5.1.3  Hyperthermia 
 Hyperthermia therapy, the purposeful increasing of local body temperature to aid 
in cell death, has been used successfully in conjunction with other therapies (e.g., 
radiotherapy or chemotherapy) to treat cancer.12,18-20  Recent studies have shown that the 
increased temperatures provided by hyperthermia make malignant tumors more 
susceptible to radiation and chemotherapy techniques, especially when the disease is in 
its earlier stages.21  Superparamagnetic iron oxide nanoparticles (SPIONs)22 have been 
studied for their use in hyperthermia.12,19,20  Placing magnetic materials in a RF magnetic 
field can induce heating through three mechanisms:  (1) eddy current heating, (2) 
hysteretic heating, and (3) viscous heating.  In eddy current heating, eddy currents are 
induced in the conductive metals and create resistive heating within in the metal itself.  
This is a very small contribution in the heating of most magnetic particles.  Hysteretic 
heating is the energy that is dissipated when a magnetic field is forced through a 
hysteretic loop.  Hysteretic heating can occur with superparamagnetic materials, because 
superparamagnetism is time-dependent.  For RF fluctuations, many common 
superparamagnetic materials will undergo hysteretic heating as several seconds may be 
needed for thermal noise (kT) to randomly orient the magnetic domains of the particles.  
Viscous heating is the heat from friction as the particles are physically moved in the body 
fluid from the oscillating magnetic field.23 
 While larger particles may produce higher heating rates, superparamagnetic 
materials are favorable, as they will have a zero remnant magnetization upon removal of 
the external magnetic field, minimizing the chance of agglomeration which can block 
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capillary blood flow.  Such agglomeration is a serious problem for in vivo use of 
ferromagnetic nano- and microparticles.9,24 
 A common metric to compare the performance of different magnetic materials as 
hyperthermia agents is the specific absorption rate (SAR), also called the specific loss 
power, is defined as the power of heating of a magnetic material per gram.13  It can be 
calculated using the equation 
 
t
TC
∆
∆
=SAR  (5.1) 
where C is the specific heat capacity of the sample and ΔT is the change in temperature 
over a given change in time (Δt) from the temperature versus time heating curve.  For an 
accurate calculation, contribution of specific heat capacities of the surrounding dispersion 
media must be taken into account. 
 
5.1.4  Controlled Drug Delivery 
5.1.4.1  Drug Carrier Direction 
 Controlling when and where a drug is released minimizes many of the harmful 
side effects of the drug, and specifically allows targeting of certain areas of the body.  For 
cancer treatments, where the drugs are typically very damaging, focusing the drug on the 
area of a tumor can increase the potency of the drug on the tumor while minimizing the 
healthy cell death that typically accompanies standard chemotherapy techniques. 
 First, the drug delivery vehicle must be directed to a specific location, which can 
be accomplished in several ways.  In passive targeting,25 the natural selectivities of 
different parts of the body are utilized.  Many foreign particles will end up in the patient’s 
liver or spleen which are designed to remove and process foreign materials and 
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particulates.  Most important is the enhanced permeability and retention of many 
cancerous tumors.25-28  Often, tumors will have quickly and poorly made vasculature 
which is “leaky” and an overexpression of permeability mediators, allowing the influx of 
particles from the bloodstream that would often remain outside a healthy cell.  Tumors 
also have impaired lymphatic drainage and recovery systems due to their size, thus, the 
particles which are more likely to enter the tumor are more likely to stay there leading to 
an accumulation of particles in the tumor.  Passive targeting is limited, however, due to 
its nonspecificity and its limitation to metastatic solid tumors. 
 Particles can also be labeled with ligands, peptides, or antibodies which react with 
unique receptors on target tissues.  This chemical targeting can be used to target a 
specific organ or tissue or a tumor which may overexpress a given receptor.29-31  While 
highly specific, the addition of the chemical label adds another step to an often already 
cumbersome, mulit-step process of drug vessel design and loading. 
 For magnetic materials, a magnetic field gradient can be used to direct the 
particles to the desired location.  This can be as simple as placing a strong permanent 
magnet outside the skin32 or a more complicated use of magnetic fields to carefully 
control the location of the particles.33 
 
5.1.4.2  Drug Loading and Unloading  
 There are many drug delivery methods in the literature including the use of 
porous microspheres,34 polymers,35-37 liposomes,38 and bioceramics.39 For controlled 
delivery, however, the release of the drug must be controlled externally.  Drug delivery 
systems which rely on pH change are impractical,35 and those which require NIR light to 
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be activated40 only work a few micrometers beneath the skin.  If temperature is used to 
activate the release of the drug payload, then a system could be designed with uses 
nanoparticles and heats them using an RF magnetic field (see Section 5.1.2).  For cancer 
treatments, this has the added benefit of generating a drug release and hyperthermia at the 
same time.  A simple drug delivery system would be a porous material which very slowly 
releases a drug at body temperature but quickly releases the drug upon magnetic heating; 
however, there are other strategies, for example thermosensitive polymers35,37,41,42 or a 
material with a low melting point.  
 
5.1.5  An Ideal Multifunctional Particle 
The combination of iron oxide nanoparticles and a porous substrate (such as 
carbon microspheres) can make a multifunctional biomedical particle capable of 
hyperthermia, controlled drug release, and imaging contrast enhancement.13,29,35  The 
optimized hyperthermia agent will include the highest density of iron oxide nanoparticles 
to have the maximum heating from minimum time in a magnetic field.  It is not enough to 
have more iron oxide, as the nanoparticles must be small enough to be superparamagnetic 
at body temperature (~50  nm), otherwise, the non-zero remnant magnetization could 
cause the particles to agglomerate within the body.  The porous substrate must have a 
reasonable drug loading capacity, and must release the drug very slowly.43  A slow initial 
release of the drug minimizes premature drug release and side effects.  Upon RF 
radiation, the heating of the particles will cause hyperthermia and increase the rate of 
release of the drug from the particles, controlling the release of the drug.  As 
superparamagnetic nanoparticles have been used as contrast agents for MRI13,15,44 and 
127 
 
OCT,5,8-11  it is plausible that microspheres containing iron oxide nanoparticles could also 
be used for imaging contrast.  This system of superparamagnetic nanoparticles in a 
porous substrate would allow for a one shot injection to travel to the cancer with minimal 
release of a drug.  Using MRI or OCT, the location of the particles could be easily 
tracked. When the majority of the particles are in or near the cancer, an RF magnetic field 
would cause hyperthermia and drug release, targeting the cancer specifically. 
 
5.1.6  Protein Corona 
 Nano- and microparticles in a biological system often behave differently than in 
the lab.  This is because, upon entering the body, the relatively high surface energy of the 
particles causes the formation of layers of proteins over the surface of the particle (termed 
protein corona).45,46  The corona that is formed will alter the surface of the particles 
which can have positive47,48 or negative49 effects on the behavior of the particles in the 
body.  Initially, the corona is mostly composed of the most prevalent protein and interacts 
weakly with essentially all proteins.  However, some proteins will interact strongly, 
denaturing over the surface and forming a “hard” corona which is not easily exchanged 
even after changing the suspension media.  What the cells in the body actually “see” is 
not the naked particle, but rather this protein shell, thus, the protein corona is an 
important entity to characterize when considering the biological function of any micro- or 
nanoparticle. 
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5.2  Experimental Methods 
5.2.1  USP Apparatus and Reaction Conditions 
The USP apparatus as described in Section 2.2.1 was used without 
modification.  Argon was used as an inert carrier gas at 1 SLPM.  The furnace 
temperature was 500 °C for the silica-based microspheres and ranged from 600-800 °C 
for the carbon-based microspheres.  Product was collected in a series of five bubblers 
each containing ~50 mL DI water. 
 
5.2.2  Precursor Solution Preparation 
For the silica-based microspheres, tetraethoxysilane (TEOS, Aldrich, reagent 
grade, 98%), iron(III) nitrate nonahydrate (Sigma-Aldrich, ACS reagent, >98%), 
manganese(II) nitrate tetrahydrate (Sigma-Aldrich, purum p.a., >97.0%), cobalt(II) nitrate 
hexahydrate (Sigma-Aldrich, ACS reagent, >98%), nickel(II) nitrate hexahydrate (Sigma-
Aldrich, purum p.a., >97%), sodium chloride (Mallinckrodt Chemicals, ACS), sodium 
nitrate (Fisher Scientific, certified ACS; Sigma-Aldrich, ACS reagent), 
polyvinylpyrrolidone (PVP, Sigma-Aldrich, average Mw = 40,000), and methanol (Fisher 
Scientific, Optima, >99.9%) were used as received.  For the carbon-based microspheres, 
sucrose (EMD Chemicals, ACS grade), sodium nitrate (Fisher Scientific, certified ACS; 
Sigma-Aldrich, ACS reagent), sodium chloride (Mallinckrodt Chemicals, ACS), iron(III) 
nitrate nonahydrate (Sigma-Aldrich, ACS reagent, >98%), and iron(III) chloride 
hexahydrate  (Sigma-Aldrich, reagent grade, >97%) were used as received.  Appropriate 
amounts of each reactant (Tables 5.2 and 5.3) were dissolved in methanol (for the silica-
based microspheres) or DI water (for the carbon-based microspheres) to make 25 or 50 
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mL solutions.  Before starting the reaction, the furnace was allowed to come to 
temperature with the argon gas flowing to purge the system of air.  The precursor solution 
was then added through a rubber septum via syringe, and the piezoelectric transducer was 
turned on. 
 
Table 5.2  Precursor Solutions for the Silica-based Microspheres 
 Code Ferrite Precursor Silica Precursor Porogen 
50
 m
M
 
F-50 50 mM Fe(NO3)3 0.2 M TEOS  
MF-50 33 mM Fe(NO3)3 17 mM Mn(NO3)3 
0.2 M TEOS  
CF-50 33 mM Fe(NO3)3 17 mM Co(NO3)3 
0.2 M TEOS  
NF-50 33 mM Fe(NO3)3 17 mM Ni(NO3)3 
0.2 M TEOS  
10
 m
M
 F-10 10 mM Fe(NO3)3   
MF-10 6.7 mM Fe(NO3)3 3.3 mM Mn(NO3)3 
0.2 M TEOS  
T
em
pl
at
ed
 T-PVP 
6.7 mM Fe(NO3)3 
3.3 mM Mn(NO3)3 
0.2 M TEOS 0.5 g PVP 
SA-NaNO3 
6.7 mM Fe(NO3)3 
3.3 mM Mn(NO3)3 
0.2 M TEOS 0.2 M NaNO3 
SA-NaCl 6.7 mM Fe(NO3)3 3.3 mM Mn(NO3)3 
0.2 M TEOS 0.2 M NaCl 
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Table 5.3  Precursor Solutions for the Carbon-based Microspheres 
 Code Iron 
Precursor 
Carbon 
Precursor 
Porogen Furnace 
Temperature 
N
itr
at
es
 N600 0.12 M Fe(NO3)3 0.5 M sucrose 1.0 M NaNO3 600 °C 
N700 0.12 M Fe(NO3)3 0.5 M sucrose 1.0 M NaNO3 700 °C 
N800 0.12 M Fe(NO3)3 0.5 M sucrose 1.0 M NaNO3 800 °C 
C
hl
or
id
es
 
C600 0.2 M FeCl3 0.5 M sucrose 1.0 M NaCl 600 °C 
C700 0.2 M FeCl3 0.5 M sucrose 1.0 M NaCl 700 °C 
C800 0.2 M FeCl3 0.5 M sucrose 1.0 M NaCl 600 °C 
M
ix
tu
re
s control  0.5 M sucrose 1.0 M NaNO3 700 °C 
M1 0.2 M FeCl3 0.5 M sucrose 1.0 M NaNO3 700 °C 
M2 0.2 M Fe(NO3)3 0.5 M sucrose 1.0 M NaCl 700 °C 
 
5.2.3  Product Collection and Washing 
After all of the precursor solution had nebulized or a sufficient amount of product 
had been collected, the transducer was turned off, and any remaining aerosol was allowed 
to flow through the furnace.  Then the furnace was turned off, and the DI water and 
product in the collection bubblers was collected and centrifuged.  For the carbon-based 
microspheres, the product was then washed with a 1:1 v/v ethanol/water solution 3-4 
times to remove any salt from the product and dried overnight at 60 °C under vacuum. 
 
5.2.4  Annealing 
 For the silica-based samples, the as-prepared microspheres were not magnetic and 
required annealing to increase the crystallinity of the encapsulated nanoparticles.  The 
samples were heated to 900 °C (unless otherwise specified) for 2 h in air. 
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5.2.5  Characterization 
SEM, TEM, BET surface area measurements, elemental analysis, and XRD were 
performed as described in Section 3.2.4.  Superconducting quantum interference device 
(SQUID) measurements were taken by Dr. Tatiana Prozorov at Ames Laboratory at 300 
K from -40 kOe to 40 kOe. 
 
5.2.6  Hyperthermia Testing 
Radiofrequency (RF) magnetic heating tests were performed by Dr. Jong Kim and 
Adeel Ahmad from the Boppart group in the Beckman Institute at the University of 
Illinois at Urbana-Champaign.  Samples were suspended in DI water (50 mg in 1.5 mL) 
in a centrifuge tube inside of a homemade coil (Figure 5.3).  The alternating current 
magnetic frequency was 62 kHz which produced an external field measuring 863 G.  The 
solenoid contained 17 turns and was set at room temperature (22 °C) via a water 
pump.  Temperature was measured using a thermocouple and measurements were made 
every 30 s or 1 min.  To approximate specific power and power/particle for comparison 
among the different samples, density and particle size assumptions were made based on 
the elemental analysis and SEM results, respectively, and the density and heat capacity of 
the dispersions were assumed to be equal to those of water. 
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Figure 5.3  Photographs of the custom-made RF magnetic field generator including (left) 
the solenoid, generator, and thermocouple meter and (right) a close up of the solenoid 
showing the sample in insulation with the thermocouple lead.  The inner diameter of the 
tube is ~3 cm. 
 
 
5.2.7  Protein Corona Formation and Measurement 
Protein corona studies were performed at the University of Illinois at Urbana-
Champaign under the advisement of Prof. Morteza Mahmoudi of Tehran University of 
Medical Sciences, who was on leave in the Suslick group. 
Phosphate buffered saline (PBS, Thermo Scientific, Hyclone, w/o calcium, 
magnesium, or phenol red) and fetal bovine serum (FBS, Thermo Scientific, Hyclone 
Standard) were used as received.  Protein coronas were formed around samples by 
placing 10 mg of sample in 1 mL of FBS (100% FBS) or 0.9 mL of PBS and 0.1 mL FBS 
(10% FBS).  For samples that were undergoing drug release, the particles were incubated 
at 37 °C for 10 min and centrifuged at 8000 rpm for 20 min.  For samples that were used 
for protein corona characterization, particles were incubated for 1 h at 37 °C, centrifuge 
Solenoid and cooling tube
Sample in
insulationThermocouple
High voltage generator I.D. ~3 cm
Thermocouple
readout
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at 8000 rpm for 30 min, decanted, dispersed in 500 μL 15 °C PBS, and centrifuged 20 
min and decanted three times. 
 To characterize the hard protein corona, dynamic light scattering was performed 
using a ZetaPALS zeta potential analyzer.  Control particles (no corona) were dispersed 
in either DI water or PBS.  10% FBS and 100% FBS samples were dispersed in DI water. 
 Liquid chromatography mass spectrometry/mass spectrometry (LC-MS/MS) was 
performed in the Mass Spectrometry Laboratory in the School of Chemical Sciences at 
the University of Illinois at Urbana-Champaign using a Waters quadrupole time-of-flight 
mass spectrometer (Q-TOF) connected to a Waters nano Acquity UPLC with a Waters 
Atlantis C-18 column (0.03 mm particle, 0.075 mm x 150 mm).  Flow rate was 250 
nL/min.  Peptides were eluted using a linear gradient of water/acetonitrile containing 
0.1% formic acid 0-60% B in 240 minutes.  The mass spectrometer was set for data 
dependent acquisition, ms/ms was performed on the most abundant four peaks at any 
given time.  Data analysis was done using Waters Protein Lynx Global Server 2.2.5, 
Mascot (Matrix Sciences) and Blasted against NCBI NR database specific for Bos 
Taurus.  Samples were prepared by suspending them in 25 mL of sequencing grade 
trypsin (12.5 ng/μL in 25 mM ammonium bicarbonate, G-Biosciences) and digested 
using a CEM Discover microwave digestor for 15 min at 55 °C (70 W).  The digestion 
was stopped by adding 200 μL of 50% acetonitrile/5% formic acid, dried using a Thermo 
SpeedVac, and resuspended in 13 μL of 5% acetonitrile/0.1% formic acid.  Ten μL of 
sample was used for analysis. 
 In order to assess the total number of the MS/MS values of the peptides within the 
corona, a semi-quantitative analysis was conducted using the spectral counting method.45  
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The normalized amounts of each protein were calculated by applying the following 
equation: 
       
))((
)(
1
∑
=
= n
i
iw
kw
k
MSpC
MSpCNpSpC   (5.1) 
where NpSpCk is the normalized percentage of spectral count for protein k, SpC is the 
spectral count identified, and Mw is the molecular weight (in kDa) of the protein k. 
 
5.2.8  Drug Release Testing 
To test the rate of drug release and total drug contained, a model drug (ibuprofen) 
was loaded into the particles and then released in PBS.  Ibuprofen was chosen because, 
like many cancer drugs, it is hydrophobic and a small molecule, yet it is relatively 
inexpensive.  Ibuprofen (Sigma-Aldrich, ≥98%) and heaxanes (Fisher, 99.9%, certified 
ACS) were used as received.  To load ibuprofen into the particles, 50 mg of particles 
were added to 40 mL of 40 mg/mL ibuprofen in hexanes.  This was placed on a rotisserie 
(Barnstead Labquake) for 24 h before being vacuum filtered using a 0.22 μm Teflon filter 
(TefSep).  The samples were then washed with three aliquots of 2 mL of cold hexanes 
before drying on the filter paper for 5 min and being collected. 
For drug release testing, 10 mg of loaded sample was placed in a scintillation vial 
with 5 mL of PBS.  For samples with a protein corona, the corona formation was 
performed after the drug loading but before the drug release.  After a given time, ~ 2-3 
mL of the slurry was collected and filtered through a 0.2 μm syringe filter (to remove any 
particles).  The concentration of ibuprofen in each sample was measured via UV/vis 
(Perkin Elmer Lambda 35) against PBS solution as a blank at 264 nm.  The calibration 
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curve is shown in Figure 5.4.  As the blank PBS solution was not filtered, there is a small 
but measureable UV/vis absorbance even with no ibuprofen, and, thus, the curve was 
fitted with a non-zero intercept.  The coefficient of extinction was determined to be 
365±6 L·mol-1·cm-1. 
 
Figure 5.4  Calibration curve for ibuprofen concentration versus UV/vis absorbance at 
264 nm.  The blank was PBS and the ibuprofen in PBS samples were filtered using the 
same 0.2 μm syringe filter used to remove the particles from the drug release tests.  The 
coefficient of extinction was determined to be 365±6 L·mol-1·cm-1. 
 
5.3  Results and Discussion:  Magnetic Nanoparticles in Silica 
 Maghemite nanoparticles in silica have previously been prepared by the Tartaj 
group50,51 using an aerosol spray pyrolysis followed by an annealing step.  A very similar 
material was synthesized using the USP setup described in Section 2.2.  The annealing 
step is necessary to produce crystalline and magnetic nanoparticles, but heating at higher 
temperatures leads to large nanoparticles (which are not superparamagnetic) and the 
formation of hematite51 (which is paramagnetic at room temperature) (Figure 5.5).  To 
improve on this synthesis, manganese, cobalt, and nickel ferrite nanoparticles in silica 
were made by adding appropriate ratios of the metal nitrates and iron nitrate to the 
precursor solution.  The nanoparticles in these microspheres were stable at high 
temperatures, becoming increasingly crystalline but remaining in the ferromagnetic phase 
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even after annealing (Figure 5.6).  Unfortunately, all of the samples had nanoparticles 
that were too large to be superparamagnetic (Figure 5.7), which led to a magnetic 
hysteresis and non-zero coercivity (Figure 5.8 and Table 5.4). 
 
Figure 5.5  Powder XRD of (a) MF-10 and (b) F-10 before annealing and annealed at 
800, 900, 1000, and 1100 °C.  Patterns for (green) MnFe2O4, (red) γ-Fe2O3, and (blue) α-
Fe2O3 are included for reference.  A smaller amount of MF-10 annealed at 1100 °C was 
tested resulting in the lower signal-to-noise ratio. 
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Figure 5.6  Powder XRD of (a) MF-50, (b) CF-50, and (c) NF-50 after annealing.  
Patterns for (green) MnFe2O4, (orange) CoFe2O4, and (purple) NiFe2O4 are included for 
reference. 
 
 
Figure 5.7  TEM images of (a and d) MF-50, (b and e) CF-50, and (c and f) NF-50. 
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Figure 5.8  (a) SQUID magnetometry hysteresis curves of (green) MF-50, (orange) CF-
50, and (purple) NF-50, and (b) rescaled to show hysteresis for MF-50 and NF-50. 
 
Table 5.4  Magnetic Properties of Silica-based Microspheres 
 Hc 
(Oe) 
Mr 
(emu/g) 
Ms 
(emu/g) 
F-50 260 3.9 20.8 
MF-50 40 0.5 14.9 
CF-50 710 5.6 32.8 
NF-50 140 1.6 14.8 
MF-10 0 0 7.0 
 
A reduction in the size of the nanoparticles was achieved by increasing the Si:(Fe, 
M) ratio.  With a ratio of 8:1, superparamagnetic MnFe2O4 nanoparticles in silica 
microspheres were created (MF-10, Figure 5.9).  The stability of these nanoparticles was 
maintained even at 1100 °C (Figure 5.5a).  The MnFe2O4 nanoparticles are the easiest to 
reduce to superparamagnetic size because, when compared to the other magnetic 
materials studied, MnFe2O4 has the lowest coercivity in the bulk (and the lowest overall 
at the concentrations of the initially-attempted precursors).  It is feasible that 
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superparamagnetic versions of CoFe2O4, NiFe2O4, and γ-Fe2O3 nanoparticles in silica 
could be created with low enough precursor concentrations, but this was not pursued. 
 
Figure 5.9  (a) TEM image of MF-10 showing the superparamagnetic nanoparticles of 
MnFe2O4 within the silica sphere.  (b) SQUID magnetometry hysteresis curve of MF-10 
and (inset) rescaled to show lack of hysteresis and zero coercivity. 
  
Silica is an obvious choice for a multifunctional biomedical microsphere because 
the chemistry is very well understood and it is easily functionalized.  As shown above, 
magnetic nanoparticles within silica microspheres can be created in a simple two-step 
process of USP followed by annealing.  However, these microspheres are not porous and, 
thus, are not able to carry drugs for drug delivery.  The addition of porosity to these 
microspheres was attempted with the incorporation of a polymer template (PVP).  The 
polymer template was able to increase the surface area of the microspheres slightly; 
however, SEM indicates that the polymer mostly resides on the surface of the 
microspheres, and removal of the “template” simply increases the roughness of the 
microspheres without creating the necessary interior pores for drug loading (Figure 5.10). 
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Figure 5.10  SEM images of T-PVP (a) before and (b) after annealing. 
  
Salt templates were also tried.  Although salt-assisted USP works very well in 
forming porous metal oxide and carbon microspheres, the formation of porous silica 
spheres proved difficult using this method.  Simply adding a sodium salt to the precursor 
solution (SA-NaNO3 and SA-NaCl) does form spheres which appear hollow; however, 
upon annealing to make the microspheres magnetic, the silica would lose its structure 
(e.g., melt, likely due to remnant sodium lowering the phase transition).  Porous silica 
spheres from spray pyrolysis of silanes and sodium chloride are known in the literature,52-
54 but most of these syntheses require the use of a surfactant (cetyl trimethylammonium 
bromide) which nullifies the benefits of using inexpensive salts as templates.  Also, the 
reaction conditions are very specific, and forming a porous or hollow silica microsphere 
from the systems shown above would require meticulous fine tuning of the system. 
As porous carbon microspheres containing magnetic nanoparticles were 
previously and easily made in the Suslick group using salt-assisted USP, porous magnetic 
silica-based microspheres were abandoned in favor of porous magnetic carbon-based 
microspheres. 
 
(a) (b)
500 nm
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5.4  Results and Discussion:  Magnetic Nanoparticles in Carbon 
Previously, iron oxide-containing, porous carbon microspheres have been made 
using USP from both chloride and nitrate based precursors.55  Similar materials were 
prepared, and TEM (Figures 5.11 and 5.12), BET and elemental analysis (Table 5.5), and 
XRD confirm they are porous and contain iron oxide nanoparticles.   
 
Figure 5.11  TEM images of (a and d) N600, (b and e) N700, and (c and f) N800.  
(bottom) Higher magnification images show the size of the nanoparticles and the 
microporous shell common to the nitrate-based carbon microspheres. 
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Figure 5.12  TEM images of (a and d) C600, (b and e) C700, and (c and f) C800.  
(bottom) Higher magnification images show the size of the nanoparticles (smaller than 
the nanoparticles in the nitrate-based samples) and the lack of a microporous shell. 
 
Table 5.5  Surface Areas and Compositions of Sucrose-based Microspheres 
 N600 N700 N800  C600 C700 C800 
Surface Area (m2/g) 1 584 597     
Fe (wt%) 11.0 14.1 20.9  11.9 16.6 11.7 
 
All six samples were tested for their use in hyperthermia and drug release.  
Compared to the control carbon particles without iron oxide, all of the iron oxide 
containing particles heated more quickly under RF radiation except N600; however, the 
heating rate was relatively slow (~10 °C/min) (Figure 5.13).  Interestingly, for each 
furnace temperature, the chloride-based samples heat more quickly than the nitrate-based 
samples.  This can mostly be explained by comparing the amount of iron in each sample.  
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As the weight percent of iron increases, so does the maximum temperature change within 
10 min of RF magnetic field exposure (Figure 5.14).  Although, sample N800 does not 
follow this trend it is apparent from the TEM images (Figure 5.11c and f) that much of 
the iron oxide has formed into nanoparticles an order of magnitude larger than the 
nanoparticles seen in the other samples.  These larger particles are too large to be single-
domain, and multi-domain particles are known to have lower heating rates when 
compared to single-domain particles if the full hysteresis loop cannot be used.  That is, 
although multi-domain particles are capable of greater heating rates than single-domain 
particles, a higher magnetic field amplitude is required to fully use the larger hysteresis 
loop of the multi-domain particle. 
 
Figure 5.13  Magnetic heating of (red circle) N800, (green square) N700, (blue triangle) 
N600, (red open circle) C800, (green open square) C700, (blue open triangle) C600, and 
(black) a control with RF magnetic field exposure over 10 min. 
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Figure 5.14  Weight percent of iron versus maximum temperature change after 10 min 
RF magnetic radiation. 
 
 While there are a number of reviews which attempt to compare the heating rates 
of various magnetic nanoparticles, in general it is very difficult to compare heating rates 
among different systems because there are many variables that affect the heating rate 
(e.g., size, shape, and polydispersity of the particles used, the dispersion medium, and the 
amplitude and frequency of the RF magnetic stimulus).  For the particles studied in this 
chapter, specific absorption rates (SAR) can be calculated assuming the heat capacity of 
the system is that of the water used as the dispersion medium and factoring out the 
heating from the testing coil (i.e., factoring out the temperature change of the control 
sample).  This yields SAR values as high as 5200 W/gFe for the C800 sample.  This is one 
to two orders of magnitude higher than many iron oxide materials in the literature;13 
however, this can be attributed to the high amplitude magnetic field used (863 G) 
compared to the fields used in the literature (e.g., 14 G).13  Further characterization of the 
system, including testing at different field amplitudes and a more accurate specific heat 
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capacity for the particles, would be necessary to better compare the heating performance 
of these particles with magnetic particles from the literature. 
The drug release profiles of the chloride-based samples show that, while the 
microspheres have high surface areas, they do not hold a large amount of drug after 
preparation (Figure 5.15).  Because they are very porous and have appropriate pore sizes 
for ibuprofen, it is likely that the chloride-based samples do, in fact, initially absorb much 
ibuprofen, but the large majority of the ibuprofen is only loosely bound and is washed 
away during the washing step.  Thus, the chloride samples are not good candidates for 
controlled drug release.  The nitrate-based samples showed improved drug release profile 
performance.  They all contained a significant fraction of ibuprofen, and the ibuprofen 
was released slowly over a few hours.  The improved performance can be attributed to 
the morphology.  The nitrate-based samples have a macroporous interior which could 
feasibly hold a large percentage of ibuprofen, but they also have a microporous outer 
shell that is likely what slows the release of the encapsulated ibuprofen. 
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Figure 5.15  Drug release profiles showing the change in absorbance at 264 nm (an 
ibuprofen peak) of (red circle) N800, (green square) N700, (blue triangle) N600, (red 
open circle) C800, (green open square) C700, (blue open triangle) C600, and (black) a 
control.  
 
The addition of more iron precursor to the nitrate-based samples leads to an 
increase in nanoparticle size (past the necessary ~20 nm limit for superparamagnetism) 
and yields limited gains in heating rates.  The chloride-based samples show increased 
nanoparticle density (with limited increase in size) with added iron precursor which also 
increases the heating rate, but with a similar morphology which does not show adequate 
ibuprofen loading and release.  Mixing the two types of precursors (samples M1 and M2 
from Table 5.3) leads to samples that have a hybrid morphology:  a microporous exterior 
with relatively small iron oxide nanoparticles.  These samples show an improved heating 
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rate (Figure 5.16).  Drug release studies should be performed to determine if these 
samples will optimize the drug release/heating system.  
 
Figure 5.16  Magnetic heating of microspheres prepared from (M1, orange diamond) 
FeCl3 and NaNO3 and (M2, purple triangle) Fe(NO3)3 and NaCl in water under RF 
magnetic radiation.  See Table 5.3 for specific reaction conditions. 
 
The relatively fast release of the ibuprofen (50% in ~2 h) is not ideal, as it can 
take many hours for particles to circulate throughout the body.  The addition of a protein 
corona can more accurately control the drug release profile within a body.  The 10% FBS 
spheres mimic in vitro studies, and the 100% FBS spheres mimic in vivo studies.  Protein 
corona was formed in both cases and can be seen in both the TEM images (Figure 5.17) 
and DLS studies (Table 5.6).  The effective diameter increases from ~1000 nm for the 
naked particle in either PBS or DI water to ~1300 nm for the 100% FBS sample in PBS.  
The increase (less negative) in ζ-potential demonstrates that the protein on the surface can 
alter the chemistry of the particle and, therefore, how the body “sees” the particle.  One 
might expect a smaller corona or similarly sized corona for the 10% FBS sample when 
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compared to the 100% FBS sample.  This anomaly, however, can be explained by 
looking at the polydispersity of the samples.  All of the samples show similar 
polydispersity indices except for the 10% FBS sample in PBS.  It is likely then, that for 
the 10% FBS sample in PBS agglomeration occurred during the measurement of the 
sample which would lower the measured polydispersity and increase the measured 
effective diameter.  Although the DLS data for the 10% FBS sample is suspect, the 100% 
FBS data clearly shows an increase in effective diameter and ζ-potential while 
maintaining a similar polydispersity index. 
 
Figure 5.17  TEM images of (a and c) 100% FBS N700 and (b and d) 10% FBS N700.  
The smaller debris seen in the lower magnification images is likely salt left over from the 
PBS solution used to wash the microspheres. 
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Table 5.6  Effective Diameters, Polydispersities, and ζ-potentials of N700 
 Eff. Diam. (nm) Polydispersity ζ-potential (mV) 
in DI Water 1020 ± 40 0.44 ± 0.01 -31 ± 1 
in PBS 950 ± 50 0.41 ± 0.01 -26 ± 2 
10% FBS in PBS 1530 ± 60 0.29 ± 0.05 -15 ± 2 
100% FBS in PBS 1300 ± 40 0.42 ± 0.01 -20 ± 2 
 
LC-MS/MS data shows the percentage of different proteins found in the corona 
(Tables 5.7 and 5.8).  Of note is the increase in the percentage of apolipoprotein E, alpha-
2-HS-glycoprotein precursor, vitronectin, alpha-1-antiproteinase precursor when 
comparing 10% FBS to 100% FBS.  The presence of these proteins can influence the 
biodistribution of the microspheres.45,46  The drug release profile of the protein corona 
particles showed a decrease in the rate of release (Figure 5.18).  The protein free 
microspheres release 50% of their drug payload within ~1 h whereas the 10% FBS coated 
microsphere release 50% of their drug payload within ~6 h.  As this data was calculated 
assuming 100% release within 3 d, longer term studies should be conducted to better 
quantify and confirm the drug release result.  Also, LC/MS or another technique should 
be used to confirm the quantities of ibuprofen that were measured with UV/vis. 
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Table 5.7  Hard Corona Proteins on the 100% FBS Microspheres 
Mr Protein Normalized % 
15044 hemoglobin subunit alpha 35.0 
15849 hemoglobin fetal subunit beta 34.7 
38394 alpha-2-HS-glycoprotein precursor 5.9 
69248 serum albumin 4.9 
53541 vitronectin 4.6 
30253 apolipoprotein A-I precursor 2.2 
25000 thrombospondin-1  1.9 
35847 apolipoprotein E 1.9 
46075 alpha-1-antiproteinase precursor 1.5 
23168 alpha-1-acid glycoprotein precursor  1.4 
13952 homeostatic thymus hormone alpha 1.1 
22665 heat shock protein beta-1  0.94 
70461 prothrombin 0.69 
45268 plasma serine protease inhibitor precursor  0.64 
66971 fibrinogen alpha chain precursor  0.59 
22413 neuron-specific calcium-binding protein hippocalcin  0.42 
90856 fibronectin 0.33 
33503 glyceraldehyde-phosphate-dehydrogenase  0.28 
58699 ubiquitin carboxyl-terminal hydrolase 22  0.20 
248286 factor V 0.15 
227514 myosin-11  0.14 
86308 hypothetical protein  0.13 
118002 EMILIN-2  0.13 
107036 endoplasmic reticulum aminopeptidase 1  0.13 
102495 transmembrane channel-like protein 2  0.11 
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Table 5.8  Hard Corona Proteins on the 10% FBS Microspheres 
Mr Protein Normalized % 
15044 hemoglobin subunit alpha 44.8 
15849 hemoglobin fetal subunit beta 41.3 
69248 serum albumin 5.9 
41905 fibrinogen A-alpha chain 1.9 
38394 alpha-2-HS-glycoprotein precursor 1.7 
35847 apolipoprotein E 1.4 
46075 alpha-1-antiproteinase precursor 0.95 
53541 vitronectin 0.77 
22413 neuron-specific calcium-binding protein hippocalcin 0.68 
85814 CG9247-like 0.35 
248286 factor V 0.14 
 
 
Figure 5.18  Drug release profiles of (black squares) N700 and (red circles) 700N with 
10% FBS.  Percent released is based on a 100% release after three days.  Based on 
UV/vis absorbance at 264 nm. 
 
Further studies should be conducted to optimize the drug release profile of the 
particles and test the feasibility of increased drug release at higher temperatures and with 
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magnetic heating from RF magnetic radiation.  Studies examining the feasibility of the 
particles as MRI or OCT contrast agents should also be conducted. 
 
5.5  Conclusions 
Magnetic nanoparticles are easily formed concurrently within silica or carbon 
microspheres using USP.  The incorporation of ferrites (instead of iron oxide) into the 
silica microspheres, allows for annealing at high temperatures and, thus, highly magnetic 
materials instead of a conversion to the paramagnetic hematite.  The porosity of the 
carbon microspheres allows for a multifunctional particle capable of imaging contrast, 
hyperthermia, and controlled drug delivery.  Optimization of the precursor solution 
allows for a reasonable drug payload which is slowly released until an RF magnetic field 
heats the superparamagnetic nanoparticles causing quick drug release and 
hyperthermia.  These particles are likely capable of imaging contrast as well. 
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